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Abstract
The all-solid-state-battery (ASSB) serves as a promising candidate for next generation
lithium ion batteries for significant improvements in battery safety, capacity, and longevity.
Of the material candidates researched to replace the conventionally used liquid electrolyte, the
garnet oxide Ta-LLZO (Li6.4 La3 Zr1.4 Ta0.6 O12 ) has received much attention thanks to its high
chemical and electrochemical stability, and ionic conductivity which rivals that of liquid electrolytes. While much investigation has taken place regarding the electrochemical performance
of Ta-LLZO, much less is known about the micromechanics, including microstructural characterization, stress and strain development, and material failure which can lead to significant
performance degradation of the ASSB.
The work presented in this thesis outlines the development of a standard procedure for the
microstructural characterization of Ta-LLZO by Electron Backscatter Diffraction (EBSD). It is
shown that the microstructure of Ta-LLZO can be altered by manufacturing process and further investigated using EBSD. This method can be used to optimize the grain boundary and
microstructure for both lithium-ion conduction improvement and stress development mitigation.
Finite element modelling (FEM) is used to determine stress and strain localization which
may occur during battery operation. A parametric study of a single grain is performed which
found that the elastic anisotropy of Ta-LLZO is such that Eh111i > Eh110i > Eh100i and

Eh111i
Eh100i

=

E

1.22, Eh110i
= 1.16. The elastic responses of the anisotropic behaviour of Ta-LLZO bicrystals are
h100i
studied. Results indicate the stress distribution near the grain boundary is strongly dependent
on crystal orientation. Stress development far from the grain boundary follow the prediction of
the serial spring system.
For the first time, an experimentally derived microstructure of Ta-LLZO is implemented
into a FEM model to evaluate the influence of grain size, texture, morphology, and neighbouring grains on the state of Ta-LLZO. Grain neighbourhood effects are found to be as important
to grain stress and strain development as grain orientation. The grain neighbourhood can alter
the grain averaged strain state by up to 15.3% of the total applied strain. From this work, it
is clear that the use of experimentally derived models will be required for the computational
micromechanical analysis of Ta-LLZO.
ii
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Summary for Lay Audience
The All-Solid-State-Battery (ASSB), a lithium-ion battery system that uses a solid-state electrolyte (SSE) rather than a liquid electrolyte, has received significant attention to address safety
issues as well as enable chemistries of much greater energy density that are otherwise unsuitable for liquid electrolyte systems. During the operation of the ASSB, electrode materials
experience a change in volume as lithium is inserted or extracted. If a liquid electrolyte is
used, these volume changes are accommodated, however in the ASSB, volume changes result
in material stress development which, if great enough, can result in fracture and irreversible
performance degradation.
This thesis examines one of the most promising SSE materials, Ta-LLZO, from a mechanical perspective. The elastic properties of Ta-LLZO are anisotropic meaning the elastic
response is dependent on the direction it is loaded. For a solid material such as Ta-LLZO, the
material is composed of individual crystals termed grains which are each oriented differently
than the neighbouring grains and can differ in size. Characterizing the distribution of grain
orientation and size determines the materials microstructure. The region where grains meet is
called the grain boundary and may not necessarily exhibit the orderly structure of atoms which
is observed in the grain body. The atomic disorder influences how easily ionic lithium can
diffuse and can be higher or lower compared to the grain body depending on the orientations
of the grains relative to each other. In addition, since Ta-LLZO is elastically anisotropic, the
development of stress in the material will be influenced depending on how the grains are oriented relative to the loading direction and to neighbouring grains. A technique called Electron
Backscatter Diffraction (EBSD) is used to determine the microstructure of the material. By
changing the manufacturing method of Ta-LLZO, it is found that the grain orientation distribution can be influenced. The microstructure is then introduced to a computational modelling
technique called the Finite Element Method (FEM) to predict the stress and strain the material
experiences during battery operation. The modelling predicts that changes in microstructure
which are manufacturing process dependent can significantly alter the stress and stress distribution of the material. The results of this thesis have wide ranging implications in terms of
SSE material design for the optimization of material microstructure. Future study is suggested
to develop an improved understanding of manufacturing processing on microstructural development as well as modelling to address other critical regions of the ASSB including material
degradation at the interface of electrode and SSE materials.
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Co-Authorship Statement
Chapter 1:

Colin Versnick - Wrote manuscript
Hamidreza Abdolvand - Revised manuscript

Chapter 2:

Colin Versnick - Wrote manuscript
Hamidreza Abdolvand - Revised manuscript

Chapter 3:

Colin Versnick - Wrote manuscript
Hamidreza Abdolvand - Revised manuscript
Jianneng Liang - Assisted in SEM imaging
Brendt Hyde - Assisted in EBSD data collection
Desmond Moser - Assisted in EBSD data collection

Chapter 4:

Colin Versnick - Wrote manuscript
Hamidreza Abdolvand - Revised manuscript

Chapter 5:

Colin Versnick - Wrote manuscript
Hamidreza Abdolvand - Revised manuscript

v

Acknowledgements
I would like to thank my supervisors Dr. Hamidreza Abdolvand and Dr. Xueliang Sun for
their help and support throughout my M.E.Sc. degree. I am very grateful for their patience and
assistance throughout my degree and in their feedback while writing my thesis. I would also
like to thank Dr. Yulong Liu and Dr. Muhammad Iqbal for their advice and in sharing their
knowledge and expertise.
I would also like to thank Dr. Desmond Moser and Brendt Hyde without whom the EBSD
measurements would not have been possible. To Dr. Dawei Wang and Jianneng Liang, I am
extremely grateful for your conversations and assistance in the laboratory. Your patience and
kindness with myself and others does not go unnoticed. I am truly grateful to have had the
opportunity to have worked with you.

vi

Contents
Abstract

ii

Summary for Lay Audience

iv

Co-Authorship Statement

v

Acknowledgements

vi

List of Figures

x

List of Tables

xviii

List of Abbreviations, Symbols, and Nomenclature
1 Introduction

xx
1

1.1

Modelling of all-solid state batteries . . . . . . . . . . . . . . . . . . . . . . .

4

1.2

Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5

1.3

Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5

2 Literature Review
2.1

6

Experimental Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

2.1.1

Experimental Works . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

2.1.2

Numerical Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Surface Characterization of Ta-LLZO

18

3.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2

Electron Backscatter Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . 19
vii

3.3

3.4

3.2.1

EBSD Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2.2

EBSD Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Material Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3.1

Ta-LLZO Pellet Sintering Preparation . . . . . . . . . . . . . . . . . . 21

3.3.2

Development of a Surface Preparation Protocol . . . . . . . . . . . . . 23
3.3.2.1

General Considerations . . . . . . . . . . . . . . . . . . . . 23

3.3.2.2

Outline of Protocol Development for Ta-LLZO . . . . . . . . 24

3.3.2.3

Development of a Semi-Automatic Polishing System . . . . . 29

EBSD Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4.1

Representative Volume Element Analysis . . . . . . . . . . . . . . . . 38

3.4.2

Intergranular Misorientation . . . . . . . . . . . . . . . . . . . . . . . 39

3.4.3

Intragranular Misorientation . . . . . . . . . . . . . . . . . . . . . . . 42

3.4.4

Texture Influence on Elastic Stiffness . . . . . . . . . . . . . . . . . . 44

3.5

Prediction of the Influence of Microstructure on Material Diffusivity . . . . . . 48

3.6

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 Micromechanical Modelling of Ta-LLZO
4.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.1.1

The Finite Element Method . . . . . . . . . . . . . . . . . . . . . . . . 54
4.1.1.1

4.2

53

Linear Elasticity Description . . . . . . . . . . . . . . . . . . 55

4.1.2

Implementation of EBSD data into the Finite Element Model . . . . . . 59

4.1.3

Assigning a random grain texture . . . . . . . . . . . . . . . . . . . . . 59

Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2.1

Single Crystal Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2.2

Bicrystalline Stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2.2.1

4.2.3

Serial Spring Analogy . . . . . . . . . . . . . . . . . . . . . 67

Polycrystalline Modelling . . . . . . . . . . . . . . . . . . . . . . . . 68
4.2.3.1

Neighbourhood Effect on the Grain Averaged State of the
Polycrystal . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2.3.2

Texture Effect on the Grain Averaged State of the Polycrystal
viii

79

4.2.3.3

Grain Morphology Effect on the Grain Averaged and Local
State of the Polycrystal . . . . . . . . . . . . . . . . . . . . . 82

4.2.3.4
4.3

Influence of Porosity on Material Stress Distribution . . . . . 88

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 Conclusions and Future Work
5.1

93

Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

References

97

A The Sterographic Projection for Pole Figures

105

B Obtaining Orientation Data from the Kikuchi Pattern

107

C Verification of Elastic Properties

109

Curriculum Vitae

111

ix

List of Figures
1.1

Idealized crystal structure of the body-centered cubic (BCC) polymorph of
LLZO. Room temperature lattice parameter is reported as a = 1.28873 nm [18].

2.1

4

Phase transformation mechanism at a cycling rate of C/5. (a-b) observed (200)
reflections of the transforming phases, (c) (200) reflection of the formed FP
phase, (d-f) reflection intensity distribution plots. Colour bars of (a-c) indicate
reflection intensity. [27]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.2

9

Phase transformation mechanism at a cycling rate of 2C. (a) (200) reflections
showing coexisting LFP and FP phases, (b) Line scan as a function of scattering
angle. Colour bar of (a) indicates reflection intensity. [27]. . . . . . . . . . . . 10

2.3

SEM images before, during, and after pascalammetry. Pascalammetry plots are
shown with different cycling rates. The maximum pressure was 800 MPa. The
corresponding current is also shown [28]. . . . . . . . . . . . . . . . . . . . . 11

2.4

Normalized ionic diffusivity in a SSE compared to crack surface normalized to
the electrolyte cross-section [30]. . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5

Central slice of the 3D finite element model results for a cycling rate of 1C and
an SOC = 1, (a) lithiated phase fractions, (b) equivalent strain, e) Von Mises
stress [MPa] [33]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.6

Normalized Von mises stress observed during the charging cycle [33]. . . . . . 15

2.7

Polycrystalline microstructure for the composite cathode generated from the
open-source software package, DREAM.3D [35]. . . . . . . . . . . . . . . . . 17

3.1

SEM image of as-purchased Ta-LLZO powder used for quantifying particle
size. Particle diameters are found to be in the range of 2 – 5 µm. . . . . . . . . 23
x

3.2

SEM surface images of Ta-LLZO at different magnifications following dry
grinding from 320 – 4000 grit sandpapers. Subfigure A) at 5000x magnification does not reveal grain boundaries. B) 1000x magnification shows significant surface damage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3

SEM images of Ta-LLZO sample surface after wet grinding using anhydrous
ethanol. High variation in the surface topology is evident indicating poor suitability for EBSD. Figures are of different surface regions and different magnification. A) 700x magnification, B) 1500x magnification, and C) 10000x
magnification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.4

Surface images of Ta-LLZO from SEM following wet grinding and polishing
using α-alumina powder. The magnification of these images are of A) 70x,
B) 420x, and C) 800x. These images show a marked improvement surface
roughness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.5

Surface images of Ta-LLZO from SEM following wet grinding, polishing using
α-alumina powder, and thermal etching at a temperature of 700◦C for a period
of 30 minutes in air. The magnification of these images are of A) 2000x, B)
3000x, C) 8000x, and D) 10000x. Grain boundaries are most visible using the
higher magnification of images C) and D). Embedded surface particles are seen
in all areas of the surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.6

SEM surface images of Ta-LLZO following wet grinding, polishing using αalumina powder, thermal etching, and a 1 hour ultrasonic bath in anhydrous
ethanol. The magnification of these images are of A) 600x, B) 2500x, C)
3000x, and D) 6000x. Surfaces appear damaged however grain boundaries
remain visible. The embedded surface particles remain and do not appear any
less numerous. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.7

SEM images at magnification A) 2000x, and B) 900x of Ta-LLZO following
grinding, polishing using diamond paste of sizes 10 µm, 3 µm, 1 µm, and 0.5
µm on a napped polishing cloth, and cleaning on a clean cloth. . . . . . . . . . 29
xi

3.8

Semi-automatic sample polishing set up. A) Diagram of the set up indicating the motion of the mechanical arm and the underlying polishing disk. B)
Photograph of the polishing set up in the lab. . . . . . . . . . . . . . . . . . . . 30

3.9

A SEM surface image of Sample 1 is shown in A). The same image with superimposed EBSD grain data is shown in B) indicating the region indexed. The
colour map is plotted with respect to the global Z-axis. C) shows the BC map
where the colour bar indicates the BC brightness where 0 indicates a poor pattern and 255 is a good pattern. D) shows the D) MAD map where the colour
bar indicates the average angular misfit between the measured and calculated
angles between bands. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.10 A SEM surface image of Sample 2 is shown in A). The same image with superimposed EBSD grain data is shown in B) indicating the region indexed. The
colour map is plotted with respect to the global Z-axis. C) shows the BC map
where the colour bar indicates the BC brightness where 0 indicates a poor pattern and 255 is a good pattern. D) shows the D) MAD map where the colour
bar indicates the average angular misfit between the measured and calculated
angles between bands. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.11 Representative Kikuchi patterns obtained during EBSD data collection. . . . . . 33
3.12 SEM images of Ta-LLZO cross section at a magnification of A) 850x and B)
350x.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.13 Grain maps of A) Sample 1, and B) Sample 2. Grain colour represents the mean
grain orientation. The corresponding colour map is provided in the inverse
pole figure. The colour map is plotted with respect to the global Z-axis. White
regions indicate unindexed points. . . . . . . . . . . . . . . . . . . . . . . . . 36
3.14 Histogram representing the grain area distribution and the relative percent of
the total area the grains of that area cover for A) Sample 1, and B) Sample 2.
The bin width is 50 µm2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
xii

3.15 RVE analysis of Ta-LLZO microstructure derived from EBSD. Boxes around
A) indicate the regions measured for the RVE analysis. The region identified
in red indicates the indexed dimensions of Sample 1. Divergence study (divergence as sample size becomes smaller) is shown in B) which indicates a
minimum RVE area of around 15000 µm2 . The ODF maximum values for
[100], [110], and [111] directions of Sample 1 is indicated with in red. Legend
terms ‘S1’ and ‘S2’ refer to Sample 1 and Sample 2 respectively. . . . . . . . . 38
3.16 Grain misorientation and the frequency of the misorientation relative to the total
number of grain boundaries for A) Sample 1 and B) Sample 2. The untextured
line indicates the misorientation distribution predicted for a random textured
material of cubic phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.17 Misorientation grain maps for A) Sample 1, and B) Sample 2. . . . . . . . . . . 40
3.18 Pole figure representations of the texture in the (100), (110), and (111) crystallographic orientations for A) Sample 1, and B) Sample 2. Intensity bars
represent multiples of random distribution intensity. . . . . . . . . . . . . . . . 42
3.19 Intragranular misroientation maps of the A) GOS, and B) KAM for Sample 1.
The average intragranular misorientation relative to the grain mean is show as
a histogram in C). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.20 Intragranular misroientation maps of the A) GOS, and B) KAM for Sample 2.
The average intragranular misorientation relative to the grain mean is show as
a histogram in C). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.21 Pole figure representations for the resulting Voigt average specimen effective
stiffness tensors of A) Sample 1, and B) Sample 2. The pole figure representation for the single crystal stiffness tensor is shown in C). The colour bar
indicates the effective Young’s modulus in a particular orientation in unit GPa. . 46
3.22 Diffusivity estimates from piece-wise interpolation of modelled grain boundary
values from Yu and Siegel [12]. A) Transboundary estimates and B) intraplanar
estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
xiii

3.23 Grain boundary maps of estimates lithium diffusivity for Sample 1 in the A)
transboundary and B) intraplanar directions. Colour bar indicates diffusivity in
units x10−13 cm2 /s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.24 Grain boundary maps of estimates lithium diffusivity for Sample 2 in the A)
transboundary and B) intraplanar directions. Colour bar indicates diffusivity in
units x10−13 cm2 /s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.1

Illustration of the proper intrinsic Euler angle rotation convention in Bunge
notation [64]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2

Euler angles corresponding to [110] and [111] crystal faces from a [100] origin.

4.3

Monocrystalline SSE showing A) XY plane with boundary and loading con-

58

ditions indicated, and B) YZ plane with boundary conditions indicated. The
colours of the boundary condition arrows indicate the axis of which the displacement is set to zero. C) illustrates the model representation of the single
crystal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.4

Normalized elastic stiffness for Ta-LLZO. . . . . . . . . . . . . . . . . . . . . 62

4.5

Bicrystalline model of the grain boundary. Sub figures A) and B) illustrate
the loading and boundary conditions. The colours of the boundary condition
arrows indicate the axis of which the displacement is set to zero. Sub figure C)
shows the data collection paths, and D) shows the FEM input model. . . . . . . 64

4.6

Mises stress concentration factor along Path 2 which is located on the grain
boundary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.7

Stress concentration factor and stress difference coefficients for grains A and B
of model I and grain boundary type 1. . . . . . . . . . . . . . . . . . . . . . . 66

4.8

Stress concentration factor and stress difference coefficients for grains A and B
of model II and grain boundary type 1. . . . . . . . . . . . . . . . . . . . . . . 66

4.9

Stress concentration factor and stress difference coefficients for grains A and B
of model III and grain boundary type 1. . . . . . . . . . . . . . . . . . . . . . 67

4.10 Spring system analogous to the bicrystalline model. . . . . . . . . . . . . . . . 67
xiv

4.11 FEM model and results of Sample 1. A) Model representation indicating model
mesh. Colours serve to differentiate grains. B) Grain map of FEM model
with colours corresponding to the inverse pole figure colour map provided with
respect to the X-axis. C) Model results for Mises stress (MPa), D) σ12 model
results (MPa), E) σ11 model results (MPa), F) σ22 model results (MPa). . . . . 70
4.12 FEM model and results of Sample 2. A) Model representation indicating model
mesh. Colours serve to differentiate grains. B) Grain map of FEM model
with colours corresponding to the inverse pole figure colour map provided with
respect to the X-axis. C) Model results for Mises stress (MPa), D) σ12 model
results (MPa), E) σ11 model results (MPa), F) σ22 model results (MPa). . . . . 71
4.13 Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for
the model representing Sample 1 plotted with respect to the grain stiffness in
the loading direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.14 Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for
the model representing Sample 2 plotted with respect to the grain stiffness in
the loading direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.15 Example of homogenization scheme where Grain 836, identified in blue, is
surrounded by the homogenized matrix, coloured in beige. . . . . . . . . . . . 74
4.16 Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for the
model representing Sample 1 plotted with respect to the grain stiffness in the
loading direction. These are plotted for both polycrystalline (heterogeneous)
and homogenized grain models. . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.17 Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for the
model representing Sample 2 plotted with respect to the grain stiffness in the
loading direction. These are plotted for both polycrystalline (heterogeneous)
and homogenized grain models. . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.18 Distributions of the difference between polycrystalline and homogeneous grain
averaged values for Sample 1 for A) strain in the 11, 22, and 12 directions, and
B) stress in the 11, 22, and 12 directions.
xv

. . . . . . . . . . . . . . . . . . . . 77

4.19 Distributions of the difference between polycrystalline and homogeneous grain
averaged values for Sample 2 for A) strain in the 11, 22, and 12 directions,
and B) stress in the 11, 22, and 12 directions. Superscript ‘g’ indicates the
grain-by-grain comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.20 Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for
the model representing Sample 1 plotted with respect to the grain stiffness in
the loading direction. These are plotted for both as-measured grain orientations
and randomly assigned grain orientations. . . . . . . . . . . . . . . . . . . . . 79
4.21 Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for
the model representing Sample 2 plotted with respect to the grain stiffness in
the loading direction. These are plotted for both as-measured grain orientations
and randomly assigned grain orientations. . . . . . . . . . . . . . . . . . . . . 80
4.22 FEM model representation of the artificial microstructure and results. A) Model
representation. Each square represents a grain of the model. B) Model results for Mises stress (MPa), C) σ12 model results (MPa), D) σ11 model results
(MPa), E) σ22 model results (MPa). . . . . . . . . . . . . . . . . . . . . . . . . 83
4.23 Elastic stiffness plots as a function of interaction / loading direction on a grain.
Each line indicates a twist angle about the loading axis in the ZY-plane. Each
plot represents a difference crystallographic direction in the loading axis as
indicated. Figures below each plot indicates the same data as represented by a
pole figure. The <100 >direction exhibits 8-fold twist angle symmetry about the
loading axis, the <110 >direction has 4-fold symmetry about the loading axis,
and the <111 >direction exhibits 6-fold symmetry about the loading axis. The
colour bar indicates the effective Young’s modulus in GPa. . . . . . . . . . . . 84
4.24 Grain averaged strain in the 11, 22, and 12 components for the cuboid microstructure plotted with respect to the grain stiffness in the loading direction. . 85
4.25 Distributions of the difference between polycrystalline Sample 2 and the cuboidal
grain averaged values for A) strain in the 11, 22, and 12 directions, and B) stress
in the 11, 22, and 12 directions.

. . . . . . . . . . . . . . . . . . . . . . . . . 86
xvi

4.26 Example results model of a 90% RD sample indicating the process used for
evaluating porosity in Ta-LLZO. White regions indicate pores. The colour bar
indicates Mises stress in MPa. . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.27 Histogram of Mises stress distribution (MPa) and the corresponding area fraction for RD values 80%, 85%, 90%, 95%, 98%, and 100%. Bar height and
error bars represent the 100 model mean and standard deviation, respectively. . 89
4.28 Example model demonstrating the location where σ Mises exceeds the σ f estimated from Wolfenstine et al. [58] (in red). Green material is of Ta-LLZO and
beige material are pores. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
A.1 Representation of the {100} poles of a single cubic crystal on the unit sphere
(presented in black) and the corresponding stereographic projection on the
equator plane (indicated in grey). . . . . . . . . . . . . . . . . . . . . . . . . . 106
C.1 Indentation test used for elastic parameter verification. A) Pillar of LLZO and
B) experimental force-displacement curves reported by Wang et al. [70]. C)
Model indentation results of the force-displacement showing good agreement
with the experimental indentation tests. The model was indented until σyield
which occurs at a displacement of 400 nm and Fmax (50 mN). . . . . . . . . . . 110

xvii

List of Tables
3.1

Statistical summary of Sample 1 and Sample 2 texture information. . . . . . . . 37

3.2

Modelled grain boundary diffusivity values in transboundary and intraplanar
directions at 300K from the work of Yu and Siegel [12]. . . . . . . . . . . . . . 48

3.3

Weighted average grain boundary diffusivity of Sample 1 and Sample 2 in the
transboundary and intraplanar components in the global x and y axis coordinates. Weighting is based upon the effective cross-section in the global x and y
coordinates. Percent increase is based on the increased diffusivity of Sample 2
with respect to Sample 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1

Bicrystalline model descriptions of the crystallographic directions oriented parallel to the loading axis for each grain of the bicrystal. . . . . . . . . . . . . . . 63

4.2

Grain area density values estimated from SEM surface images and a 5o misorientation threshold for Sample 1 and Sample 2. . . . . . . . . . . . . . . . . . . 68

4.3

Grain averaged strain statistics of the polycrystal and homogenized models representing Sample 1 and Sample 2. . . . . . . . . . . . . . . . . . . . . . . . . 76

4.4

Grain averaged stress statistics of the polycrystal and homogenized models representing Sample 1 and Sample 2. . . . . . . . . . . . . . . . . . . . . . . . . 76

4.5

Grain averaged statistics of the difference between polycrystalline and homogenized models representing Sample 1 and Sample 2 in the 11, 22, and 12 directions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.6

Grain averaged strain statistics of the measured and random orientations for
models representing Sample 1 and Sample 2. . . . . . . . . . . . . . . . . . . . 81

4.7

Grain averaged stress statistics of the measured and random orientations for
models representing Sample 1 and Sample 2. . . . . . . . . . . . . . . . . . . . 81
xviii

4.8

Grain averaged strain and stress statistics of the cuboid polycrystal model. . . . 86

4.9

Grain averaged strain and stress difference statistics between the cuboid polyg
crystal model and the model representation of Sample 2 (Sg ample2,i j − Cuboid,i
j;
g
σgS ample2,i j −σCuboid,i
j ). Values in this table originate from the normal distribution

fitting from Figure 4.25. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.10 Predicted sample area percentage with σ Mises exceeding the σ f estimated from
Wolfenstine et al. [58] for each of the modelled RD values. . . . . . . . . . . . 90

xix

List of Abbreviations, Symbols, and
Nomenclature
α

Euler angle matrix

V̄Li

Partial molar volume of lithium

β

Vegard expansion tensor

∆gAB Misorientation matrix of two grains; A and B


Strain tensor

Γ

Rate of random steps

γ

Surface energy

κ

Stress difference coefficient

λ

Stress concentration factor

C

Stiffness tensor

S

Compliance tensor

ν

Poisson’s ratio

φ

Mass concentration

φ1

First Euler rotation angle

φ2

Third Euler rotation angle
xx

Π

Total strain Energy

σ

Stress tensor

τ

Shear stress

θ

Second Euler rotation angle

D

Diffusivity tensor

~
∇

Vector differential operator

J~

Mass flux tensor

AU

Universal anisotropy index

B

Strain energy density

CV

Voigt estimated stiffness tensor

De f f

Effective diffusivity

dhkl

Crystal lattice parameter

E

Young’s modulus

g

Rotation matrix

Nd+

Concentration of mobile donors

Nd+o

Equilibrium concentration of mobile donors

Na−

Concentration of mobile acceptors

Na−o

Equilibrium concentration of mobile acceptors

p

Hydrostatic stress

R

Gas constant; 8.314 J K −1 mol−1

ri

Rotation axis
xxi

SR

Reuss estimated compliance tensor

T

Temperature

t

Time

Vm

Crystal volume faction

Z

Strain energy release function

ASSB All Solid-State Battery
EBSD Electron Backscatter Diffraction
FEA Finite Element Analysis
FEM Finite Element Method
GOS Grain Orientation Spread
KAM Kernal Average Misorientation
PVA Polyvinyl Alcohol
PVB Polyvinyl Butyral
SEM Scanning Electron Microscope
SSE

Solid State Electrolyte

Ta-LLZO Li6.4 La3 Zr1.4 Ta0.6 O12

xxii

Chapter 1
Introduction
The implementation of energy reforms to address the growing concern regarding the implications of climate change has substantial political, economic, and technological repercussions.
While it is clear that reducing carbon-based energy dependence will mitigate greenhouse gas
emission from their combustion and thus slow the progression of environmental degradation,
a viable alternative is not yet available. These mandates come into effect despite a predicted
28% growth in global energy demand from 168 PWh in 2016 to 216 PWh by 2040 [1]. To
meet these aggressive energy reforms, investment has turned to environmentally benign alternatives for electricity generation. The fastest growing of these technologies is solar at 1.70%
and wind at 2.27% in 2017 [2]. A well known shortcoming of these technologies is their
intrinsic intermittence in electricity generation. It is evident from these technologies that a
means of energy storage is required to even grid load. Of the energy storage options available
to us, lithium ion batteries are very well suited having the highest gravimetric energy density
at 270 Wh/kg [3]. Their appropriateness for grid storage implementation is not without shortcomings, specifically in energy density, cost, and safety. These considerations are especially
important for the automotive industry if electric vehicles are to be widely accepted. To address
concerns of energy density and safety, an all-solid-state-battery (ASSB) is proposed. In this
battery system, a solid state electrolyte (SSE) is used in place of the conventional liquid electrolyte. In doing this, it is thought that the propagation of deleterious lithium dendrites that
cause short circuiting can be mitigated by forming a physical barrier to their formation [4]. In
addition, the use of SSEs with low chemical reactivities may be compatible with high capacity
electrodes such as lithium metal or silicon [5, 6, 7] where capacity is defined as a measure of
1
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charged stored. The development of ASSBs had been enabled by the discovery of SSEs with
ionic conductivities comparable to liquid electrolytes. Despite the recent surge in interest in
the ASSB, the life of the battery largely depends on the mechanical integrity of the system.
During the cycling process, lithium is passed between two storage materials, the electrodes,
which are separated by an ionically conductive, electrically insulating material, the electrolyte.
The mechanism by which the electrode stores lithium dictates the predominant origin of stress
development in that material. Among electrodes, two dominant mechanisms of lithium storage
exist; intercalation and alloying reactions [8, 9, 10]. The structure of intercalation compounds
is that of layering such as in graphite and layered oxide materials. The lithium intercalates
between layers resulting in a change in interlayer spacing; generally this is an increase in interlayer spacing producing strain normal to the layer plane [4]. Similarly, in alloying type
electrodes, the material hosts lithium by incorporation into its lattice structure. Through this
alloying reaction, a material phase change occurs resulting in a change in lattice parameters.
The strains associated with the hosting of lithium are termed the chemical or eigen strains
[4]. The nature of these strains are analogous to thermal or volumetric strain in that they do
not produce an associated stress. If, however, the neighbouring materials constrain the volume
changes or a concentration gradient within the materials exists, stress development occurs. The
eigen strains associated with electrode materials, along with thermal strains associated with the
entire system, are responsible for much of the stress development and subsequent material failure in the ASSB. In the ASSB, the role of the solid electrolyte is two-fold. When incorparated
into the electrode material, the SSE serves to form conduction paths for lithium ions between
active electrode material particles. This composite system has been the subject of much interest since SSE degradation in the electrode severely limits the storage capacity of the battery.
The SSE also serves to form an interlayer separating the anode and cathode that is electrically
insulating while conductive to lithium ions. Upon the operation of the ASSB, the migration
of lithium ions through the SSE experiences a complex migration path. In the cubic phase of
LLZO (c-LLZO), lithium vacancies exist. This reduces the interion diffusional dependencies
and raises the ionic conductivity of the material [11]. Compare this to the tetragonal phase of
LLZO (t-LLZO) where these vacancies do not exist. This ionic conduction must then occur
in synchronized “hopping” events, thereby raising the activation energy and reducing the ionic
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conductivity [11]. While this describes the ionic conduction in the bulk, the microstructure of
the SSE is much more convoluted. The microstructure of the SSE is composed of bulk crystalline bodies termed grains. Within an individual grain, it is largely assumed to be an ordered
structure with no change in the relative crystalline orientation. As such, when conceptualizing
the grain, the material properties can be assumed as constant throughout the grain volume. The
contact of two grain bodies gives rise to a new region; the grain boundary. Within the volume of the adjoining region, new material properties form due to alterations in the equilibrium
state of the atoms. In dependence with the grain orientations with respect to the neighbouring
grain, the material properties as the boundary are influenced. For example, consider the work
of Yu and Siegel who investigated the properties of a three Coincidence Site Lattice (CSL)
type boundaries by means of molecular dynamic studies [12]. The CSL describes a system
by which lattice points on neighbouring grains coincide exactly with one another. The number
of coinciding lattice points in the unit cell is called Σ(sigma). Their results indicated that Σ3
type boundaries result in a reduced ionic conduction and serve as a barrier to migration relative
to the bulk both with respect to inter and transboundary migration. In contrast, Σ5 boundaries
demonstrated increased interboundary ionic conduction and reduced transboundary conduction relative to bulk. This has clear implications with respect to SSE microstructural texturing
which engineers may be able to control through material processing. While the former discussion idealizes the SSE as a single phase material, experimental results indicate that the dopants
that serve to stabilize the cubic crystal phase can migrate likely due to elevated temperatures
required during the cell assembly process. To achieve high material surface contact area between electrode and SSE, the materials are commonly co-sintered [13, 14, 15]. This requires
the elevated temperatures that can cause dopant migration. The predominant region of migration will occur at the electrode-electrolyte interface [16, 17]. Without the dopant, the t-LLZO
phase stabilizes leading to phase transformation and an observed reduction in ionic conductivity. The result is a biphasic SSE with t-LLZO predominately at the interface with the electrode
and c-LLZO forming the bulk [16, 17]. Figure 1.1 illustrates the idealized crystal structure of
the cubic polymorph of LLZO.

Chapter 1. Introduction

4

Figure 1.1: Idealized crystal structure of the body-centered cubic (BCC) polymorph of LLZO.
Room temperature lattice parameter is reported as a = 1.28873 nm [18].

1.1

Modelling of all-solid state batteries

The multiscale modelling of Li-ion cell systems is inherently necessary for the acceleration
of cell research progress. This necessitates the modelling from the atomistic scale, to grain
insights regarding ionic conduction pathways for example, to entire battery systems where
large scale deformations can be investigated for the purposes of improving overall battery design. In regards to mesoscale modelling, however, comparable little attention has been paid.
This mesoscale encompasses the material microstructure, the interfaces between neighbouring
grains and materials and the interaction between materials. This will also include possible
phase transformations. The coupling of electrochemical, thermal, and mechanical models is
essential for the investigation of mesoscale phenomena on battery performance. Thermal and
stress fields in the material play a significant role in electrochemical reaction rates and mass
diffusion.
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Motivation

Limitations of previous models come either from the investigations of single, isolated particles,
the idealization of the particle network, or the absence of coupling between one or more of electrochemical, thermal, or mechanical models. We therefore aim to address these shortcomings
through the development of a modelling framework in which the investigation of particle level
phenomena can be performed. Through this particle level model, the influence of microstructure on the localization of stress and strains in the SSE will serve as a powerful prediction tool
for experimentalists in material optimization. Essential for the evaluation of the FEM code is
experimental data in regards to the microstructure of Ta-LLZO. To date, the battery research
community lacks experimental research in this regard, having only two reports of Ta-LLZO
microstructure; one by EBSD and the other by micro Laue diffraction [19, 20]. An understanding of the microstructure of SSE materials is essential for the understanding of ASSB failure
mechanisms and performance as this will play a major role in material degradation.

1.3

Objectives

The final goal of this research is to develop a FEM code to study the mulitphysics behaviour
of ASSBs under battery cycling conditions. Specifically, focus of this thesis will be on using
tantalum doped LLZO (Ta-LLZO) as the SSE due to the material parameters being available
in the literature and its relative stability for experimental characterization. The major research
objectives of this thesis are as follows:
1. Develop an experimental methodology to study the effects of various manufacturing
methods on the final microstructure of Ta-LLZO
2. Study the behaviour of ASSB systems at the particle level using a FEM model.
3. To understand the influence of microstructure including texture and grain morphology
on localized stress and strain development.

Chapter 2
Literature Review
At present, research regarding the deformation of the ASSB is either experimental or numerical
with little to no overlap in the studies. For this reason, the following section will be separated
into experimental and numerical discussions.

2.1
2.1.1

Experimental Works
Experimental Works

The means in which ASSB materials can be experimentally evaluated in the context of deformation is predominantly via diffraction based techniques. This is because these methods
interact directly with the crystal lattice and therefore provide information regarding elastic
straining. It is important to note that since it is only the crystalline structure being evaluated,
no information regarding plastic deformation can be gathered. To obtain plastic deformation
data, image-based methods such as digital image correlation (DIC) can be used to determine
the total deformation. Since the total deformation is composed of only elastic and plastic components, the difference between the total strain and the elastic strain must be the plastic strain.
There are multiple diffraction-based methods in which the deformation in a solid state material
can be measured and studied. The most common and useful methods to study the deformation
at the microscale is by means of x-ray diffraction (XRD) and electron backscatter diffraction
(EBSD) for surface deformation and synchrotron microlaue diffraction for three-dimensional

6
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deformation studies.
The elastic strain in a material is most commonly measured by x-ray diffraction. This
method is preferred due to the relative ease of accessibility and experimental set up. The means
in which the x-ray beam interacts with the sample using a typical lab-based diffractometer is
one with a relatively large beam size and a correspondingly large interaction volume. The resulting data is therefore the average of a large volume, typically much more than a single grain
[21]. By collimating the beam, some degree of localized characterization may be achieved,
however the flux resulting from the collimating is insufficient for data collection in a reasonable time frame.
As compared to XRD, EBSD probes a much smaller surface, takes an extended duration
of time for data collection, and requires considerably more material preparation in order to
obtain useful diffraction patterns. What makes EBSD such a powerful technique for measuring
material deformation is its ability to provide site-specific, localized data sets in regards to
crystallographic orientation, residual stresses, and grain morphology [22]. Understanding the
localized stress state within the material is critical to evaluating failure. This is because the
local stress state at a point is dependent on its immediate environment, and therefore may vary
significantly from the average stress state.
The mechanism in which EBSD interacts with the sample results in the obtainment of
highly localized structural information. This is largely due to the narrow width of the electron
beam and thus the small sample volume the diffraction data originates from. The diffraction of
the electron beam results in a pair of diffraction cones. This pair produces a diffraction band
in orientation space and by probing all possible crystallographic orientations relative to the
beam angle, an entire Kikuchi diffraction sphere can be generated. The electron beam interacts
with and diffracts off the lattice planes produces a Kikuchi diffraction pattern in orientation
space [22]. Due to the characteristic diffraction pattern of a given material, interpretation
of the crystallographic orientation can be made by generating a theoretical diffraction sphere
and fitting the experimental diffraction pattern to the stereographic projection of the theoretical
diffraction sphere. Since the diffraction sphere orientation is directly proportional to material
orientation, we assume the rotation of the diffraction sphere required for data fitting must be
equal to the orientation of the crystalline material relative to the electron been a a well char-
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acterized material,theoretical diffraction sphere can be generated the with the knowledge of
relative atomic positioning and lattice parameters [22]. To measure material strain by use of
EBSD, orientation maps should be collected at multiple time intervals throughout the battery
cycling process. Variation in grain morphology and changes in crystalographic orientation
within the grain during the cycling process can be directly interpreted as the material strain and
if the material has an established compliance matrix, the material stress can be calculated. The
process of cross-correlating the EBSD orientation maps during the cycling process to interpret
the material strain is an established protocol termed high resolution EBSD (HR-EBSD) [23].
Through the use of EBSD, Sharafi et al. was able to characterize the surface of LLZO sintered through a hot-pressing protocol [19]. The material used exhibited high relative densities
in the range of 95% - 99% after sintering at 1300o C and uniaxial pressing at 62 MPa. The
mean grain size grew linearly in the range of sintering temperatures from 1100o C to 1300o C.
The fracture toughness is found to be invariant of grain size. Experiments indicate that while
reduced material density results in greater fracture toughness, the critical current densities are
lowered along with their ionic conductivities.
The results of Sharafi et al. indicate that the CCD increases with grain size. In contrast,
Cheng et al. demonstrate a trend consistent with the prediction of an inverse relation of grain
size and CCD [24]. The mechanisms leading to the perceived discrepancies between reports
likely stem from the sintering protocol. Cheng et al. use a pressure-less sintering method
where grain boundaries tend to be more diffuse and weaker than hot-pressed samples. This is an
observable distinction since hot- pressed samples all fracture transgranularly while pressureless
sintering display intergranular fracture [19]. In addition, although this information was not
provided in the literature, it is possible that the sintering methods influence material texturing
thereby producing variation in the grain boundary types.
Stress development can occur if the solid is mechanically constrained or if a concentration gradient exists due to incompatibility of the eigen-transformation [24]. The eigentransformation, in dependence with the associated molar volume, can be termed the chemical
strain. In general, the chemical strains are incompatible and therefore must be accompanied
by the geometrically necessary elastic transformations. For problems involving compositional
changes, the total stress field will need to reflect this [25, 26]. In reality, during the multistep
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lithiation process, volume changes associated with intercalation or phase change are strongly
non-linear. Often, however, this is transferred to two-phase systems where phase fractions
change linearly with lithium content. Due to inhomogeneous lithiation in the solid, nonlinearity has been investigated by synchrotron microbeam diffraction [27]. The process by which
this can occur is material specific and should therefore be evaluated using an in-operando approach. Zhang et al. investigated a LiFePO4 , cathode using in-situ synchrotron XRD [27]. At
low cycling rates (C/5), well defined plate-like domains coexist with the non-lithiated domains.
The orientations of the phases relative to each other indicate a stable, coherent interface. When
the changing rate is increased to 2C, diffuse phase interfaces appear which are less stable but
allow for faster phase transformations and therefore higher current densities. The results of this
study provide interesting insight in regards to the nature of the phase change. The phase interfaces, the nature of which accordingly varies by charging rate, will induces lattice deformation
and stress development. Although the effect of this has yet to be studied, presumably the stress
field will alter lithium diffusion kinetics. Figures 2.1 and 2.2 demonstrate the phase transitions.

Figure 2.1: Phase transformation mechanism at a cycling rate of C/5. (a-b) observed (200) reflections of the transforming phases, (c) (200) reflection of the formed FP phase, (d-f)
reflection intensity distribution plots. Colour bars of (a-c) indicate reflection intensity.
[27].

Consider the influence of stress state on the diffusion kinetics of lithium ions in the lithium
ion battery. It has long been predicted through atomistic and comtinuum based modeling that
compressive lattice stress serves to reduce mass diffusivity. The expression of this situation
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Figure 2.2: Phase transformation mechanism at a cycling rate of 2C. (a) (200) reflections showing
coexisting LFP and FP phases, (b) Line scan as a function of scattering angle. Colour
bar of (a) indicates reflection intensity. [27].

has been formalized in multiple reports treating stress-assisted diffusion (SAD). An adequate
description of SAD in electrochemical energy storage devices cannot be described by the conventional Cottrell formalism and require coupling terms not tractable experimentally. To experimentally evaluate coupling parameters in SAD, Larson et al. develops a pascalammetry
technique is analogous to voltammetry [28]. This method provides an approach to study
stress-related electrochemical phenomena. In their set-up, a stress waveform is applied to the
system under a constant bias voltage and induced currents are measured. In their set-up, a piezo
actuator is used to induce pressure on a blunted SPM probe tip serving as the current collector,
anode, and solid electrolyte via sputtered lithium metal and Li2 O3 on a tungsten probe. Si(Ill) is
chosen as the cathode material. To date, this is the first means of experimentally characterizing
SAD coupling parameters [28].
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Figure 2.3: SEM images before, during, and after pascalammetry. Pascalammetry plots are
shown with different cycling rates. The maximum pressure was 800 MPa. The corresponding current is also shown [28].

2.1.2

Numerical Works

Numerical modelling should be considered when exploring the problems of stress development
and material degradation, and how the modelling results may be interpreted and utilized by experimentalists. The most appropriate scale that can be modelled to envisage the problem is the
microscopic scale. This includes the material microstructure involving information on grain
size, geometry, and orientation. Compare this to the mesoscale where the material properties
are averaged and critical information regarding localized information is lost, or the atomistic
scale where the direct application to engineering length scales are lost. The simplest place to
begin the description of the numerical problem is in the cathode. This is because it is in this
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material where the electron and lithium ion recombine to make a charge neutral species whose
diffusion properties can be allotted a Fickian description. This is also the focus of all present
numerical modelling reports. The mass flux of lithium in the material can be described as follows by describing the chemical potential as a function of mass concentration (φ), temperature
(T ), and pressure (p) [29]:
~
V̄Li ~ 
~
+ φlnφ∇(lnT
) + φ ∇p
J~ = −D ∇φ
RT

(2.1)

The diffusivity tensor is given as D and the partial molar volume of lithium in the host
material is V̄Li .
Upon the generation of diffusion induced and Vegard stresses, material fracture can occur
resulting in reduced capacity and performance of the cell [30]. The formation of cracks act
as barriers to ionic conduction, and strains can also produce delamination that reduces the
contact area with the current collector [30]. Experimental efforts to characterize failure are
often qualitative or limited to thin film geometries. Models have been developed to explore
how cracks may develop, thereby providing hints as to methods that may limit damage from
occurring.
To address the role of fracture on the performance of SSEs, Bucci et al. developed a fully
coupled electro-chemo-mechanical model [31]. Their approach utilized a highly idealized
microstructure composed of isolated, elastically isotropic cathodic storage particles embedded
in a compliant solid electrolyte. The relation of elastic stiffness on material fracture using
a cohesive zone layer approach was evaluated. In this system, fracture results in regions of
tension and shear during the cycling process. These forces can have thermal or intercalationinduced origins. During the cycling of a Li-ion cell, mass diffusion of Li ions result in a Vegard
stress. The stresses σ and strains  resulting from ion migration and diffusion are given as:
σi j = Ci jkl kl − βdij (Nd+ − Nd+o ) − βaij (Na− − Na−o )

(2.2)

i j = S i jkl σkl − β˜dij (Nd+ − Nd+o ) − β˜aij (Na− − Na−o )

(2.3)

a,d
˜
a,d
where βa,d
i j are the Vegard expansion tensors for acceptors and donors and βi j = S i jkl βi j .
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Nd+ and Na− represent the concentration of mobile donors and acceptors, respectively. Nd+o and
Na−o represent the equilibrium concentration of mobile donors and acceptors [32]. C is the
elastic stiffness tensor and S is the elastic compliance tensor.
In this model, lithium diffuses toward the current collector and the system is set to be constrained by the surrounding material. As the lithium diffuses into the active material, expansion
creates compressive stresses in the electrolyte. Results of this model indicate that an adjustment in the elastic modulus of the electrode and electrolyte materials, creates an increased
tendency for fracture in compliant electrolytes [32]. This tendency for fracture comes from
the increased deformation created by tension and shearing in response to volume changes. This
observation apparently contradicts the standing opinion that sulphide SSEs (E = 14-25 GPa)
are more suitable than oxide SSEs (E = 150 GPa). Unfortunately, in this study, strain mismatch
is not explored by varying electrode elastic properties in addition to varying SSE elastic properties. A constant value of E = 100 GPa was used for the electrode material. Strain mismatch
may explain the apparent suitability of oxide SSEs. The results of this study was not at all
surprising due to the idealization of cathodic materials being square. Nonetheless, the model
developed is novel.
To explore the impact of microcracking on the conductivity of SSEs, a simple random
walk model was employed as described by the Einstein model for the average diffusivity [30].
Diffusivity is described as a coefficient to measure atomic diffusion in units length2 / time.
Conductivity is then determined for varying levels of damage by crack formation which are set
up such that there is an isotropic damage state. Analysis of the model determined there is a
linear relation of Li-conduction with mechanical degradation as shown in Figure 2.4. Although
not discussed in this report, the formation of microcracks can result in directed Li-conduction
paths, increasing stress localization, and create further degradation. While this idealization of
ionic diffusion may be suitable for materials such as cubic LLZO with lattice vacancies, other
materials exhibit ionic diffusion as coordinated ”hopping” events where the migrating lithium
must diffuse in unison.
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Figure 2.4: Normalized ionic diffusivity in a SSE compared to crack surface normalized to the
electrolyte cross-section [30].

The idealization of micro structural morphology lends itself to non-representative results.
As such, Mendoza et al. generate the microstructure of LiCoO2 cathode material by means
of X-ray synchrotron tomography and FIB-SEM [33]. While these methods provide suitable
imaging for morphological characteristics, information regarding the microstructural properties such as material orientation, and grain boundary characteristics is lost. As such, any subsequent modeling must make the assumption of isotropic material properties. In addition to
this, their modeling also makes the assumption of a material free of void space by filling the
non-cathodic regions with solid electrolyte material. For the charge-free lithium particle, the
description of the chemical potential is generally quite simple. It is composed of mass concentration, temperature, and pressure gradient information. The lithium atom will diffuse towards
the local minima of the potential until a steady state is reached within the host structure at which
point the chemical potential gradient will equal zero. This process often appears convoluted.
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Figure 2.5: Central slice of the 3D finite element model results for a cycling rate of 1C and an SOC
= 1, (a) lithiated phase fractions, (b) equivalent strain, e) Von Mises stress [MPa] [33].

Figure 2.6: Normalized Von mises stress observed during the charging cycle [33].

Figure 2.6 is of particular interest as is highlights the material stress developments occurring due to the interplay between the rate of charging and diffusion rate in the host material.
At SOC values around 0.3, the Von Mises stress values reach the maximum value. This is
especially notable at high charging rates. At these lower SOC values with high charging rates,
lithiation is predominately at the outer surface, that is, the region in contact with the electrolyte,
and therefore the material expansion at the surface compresses the inner material.
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At the interface of the two phases, the lattice parameters can change rapidly if there is is
a large difference in the parameters of the two phases. This is the source of coherency stress.
The mismatch can be described by: [34]
f1/2 =

dhkl,2 − dhkl,1
dhkl,1

(2.4)

f2/1 =

dhkl,1 − dhkl,2
dhkl,2

(2.5)

where f1/2 is the mismatch of material 1 relative to material 2 and f2/1 is the mismatch
of material 2 relative to material 1. dhkl,i represents to lattice parameter of material i. Under
equilibrium conditions, a common lattice distance can be met at the material interface. In this
case, the mismatch follows:

f1/2 ≈ f2/1

dhkl,0 − dhkl,1 dhkl,0 − dhkl,2
−
dhkl,1
dhkl,2

(2.6)

This process of lattice coherence places the material under tension or compression depending on its lattice parameter relative to the other material. Material 1 is compressed when
f1/2 < 0 and tense when f1/2 > 0. In this condition, 0,1 ≈ −0,2 . The stress components are
determined as: [34]
σ xx = σyy = o

E cosh(z/δo )
1 − ν cosh(d/2δo )

(2.7)

σyz =

o y E sinh(z/δo )
2δo 1 + ν cosh(d/2δo )

(2.8)

σ xz =

o x E sinh(z/δo )
2δo 1 + ν cosh(d/2δo )

(2.9)

σzz = σ xy = 0

(2.10)

where d is the material thickness, o is the interface strain, δo is the length of the strain interface
region, ν is the Poisson ratio, and z is the direction perpendicular to the interface plane.
Most recently, a report from Yu et al. [35] model a polycrystalline composite cathode half
cell using an artificial microstructure with LLZO as the ionic conductor (Figure 2.7). They
examine localized stress state from chemical strain during battery cycling. By adjusting initial
lithium concentration in the active particles, they suggest an optimal lithiation state of the
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active material to mitigate stress concentration during cell operation. Crystallographic details
are not specified and therefore electrochemical and mechanical anisotropy is neglected. For
their model, LLZO is reported to experience Mises stress between 120 MPa and 230 MPa due
to active material chemical straining.

Figure 2.7: Polycrystalline microstructure for the composite cathode generated from the opensource software package, DREAM.3D [35].

All aforementioned studies attribute poor rate capability and reduced capacity to mechanical failure which reduces ionic conduction and mechanical integrity of the ASSB materials.
Generally, examined microstructures are composed of simple, non-representative morphologies. In the case of representative grain morphologies, crystallographic information is often
neglected thus simplifying mechanical and chemical properties to the isotropic case which is
not necessarily representative of the modelled materials. Such assumptions can lead to contentious conclusions. It is therefore of interest to develop an understanding of the microstructural characteristics of ASSB materials. Such characteristics may produce stress concentrations
contributing to mechanical failure modes not alluded to in the current models.

Chapter 3
Surface Characterization of Ta-LLZO
3.1

Introduction

Ta-LLZO exhibits high ionic conductivity (10−4 − 10−3 S cm−1 ) and good thermal and electrochemical stability. A significant body of research exists regarding Ta-LLZO synthesis routes,
and electrochemical characterization including maximizing the ionic conductivity and the identification of lithium conduction pathways. The role of grain size, grain orientation, and grain
boundary properties in Ta-LLZO, however, remains poorly understood [18, 36, 37, 38, 39,
40, 41, 11]. What is clear is that due to the highly anisotropic elastic properties, material texture will have an influence on the material mechanical properties. Limited reports describe the
texturing of Ta-LLZO which will have a significant impact on the material degradation and
fracture that has stymied research since the inception of the ASSB. As such, it is critical that
an understanding of the influence of material preparation conditions on material texturing can
be developed. By evaluating the microstructure of materials of varied preparation methods, an
understanding of appropriate methods for grain boundary engineering can be developed. This
chapter serves to develop protocols for the preparation of materials for characterization, and
begins the process of critically evaluating different material preparation conditions.
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Electron Backscatter Diffraction

In part to its relative accessibility, scanning electron microscopy (SEM) serves as a preliminary tool to envisage the microstructure of a material. SEM images can provide grain size
and size distribution information of a sample surface. In the context of microstructural engineering however, this information is limiting. Knowledge of the nature of different grain
boundaries identified by EBSD is critical to understanding the properties of Ta-LLZO. Grain
maps provided by EBSD serve as quantifiable identification of grains and their orientation, and
can reveal boundaries not visible in the SEM morphology images. Molecular dynamic studies
suggest that anisotropic charge transport in Ta-LLZO across grain boundaries may be dependent on the grain boundary characteristics such as the misorientation angle and boundary type
[12]. Due to the information that EBSD can provide for a surface microstructure, EBSD will
serve as the predominate experimental tool used in this report.

3.2.1

EBSD Theory

Electron backscatter diffraction (EBSD) serves as a characterization technique used in tandem
with the SEM. It permits the individual grain orientation, intragrain point-to-point orientation
correlations, phase identification, and phase distribution to be determined on the surface of
polycrystalline materials. Widespread acceptance and use of EBSD has occurred since the
first observations of backscattering diffraction patterns were made in 1928. This is especially
true as an alternative to x-ray pole figure measurements as EBSD can provides localized data
rather than the global average texture provided by x-ray measurements. Due to its high spatial
resolution, EBSD offers new information in quantitative texture analysis. The bulk polycrystal
can be visually represented as texture and grain boundary distributions or quantitatively given
as orientation maps. In addition, three dimensional reconstructions of a sample can be made
by consecutive surface removal and EBSD steps. The general requirements of a material to be
suitable for EBSD are similar to that of SEM. The sample should be electrically conductive,
stable under vacuum, flat, and free from surface contaminants. Additionally, grain size should
be at minimum several tens of nanometers in diameter. The Kikuchi patterns in EBSD are
collected by the backscatter diffraction of high energy electrons from the volume of the target
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material. The interaction volume depth is approximately 20 nm. A phosphor screen is placed in
front of the specimen which the backscattered electrons hit and excite, generating an image that
a CCD camera can record. Kikuchi patterns can be elucidated as the projection of the crystal
lattice on the phosphor screen. Upon impingement of the electron beam with the diffracting
plane, a cone of electrons is backscattered above and below the diffracting planes. These two
diffracting cones are the edges of the Kikuchi band. When considering multiple Kikuchi bands,
angles between the Kikuchi band plane normal correspond to interplanar angles while the width
of a Kikuchi band is twice the Bragg angle. Using Bragg’s law, the band width is related to the
interplanar spacing, dhkl :
2dhkl sin θhkl = nλ

(3.1)

where λ is the wavelength of the electron beam and n is the order of reflection. By changing
the electron accelerating voltage and thus the wavelength, the width of the Kikuchi bands
can be changed. This results in a deviation from the approximately straight band edges to
more conical sections seen for lower accelerating voltages, and the correspondingly longer
wavelengths. Coupling the Kikuchi patterns with the crystallographic structure information
for phases of interest allows for the identifications of phases based on crystal structure. The
projected orientation of the Kikuchi pattern is directly related to the orientation of the grain
relative to the specimen surface. Details regarding Kikuchi pattern indexing and EBSD map
development are provided in Appendix B.

3.2.2

EBSD Setup

During EBSD, the primary beam is directed onto the grain of interest to form a Kikuchi pattern.
The spatial resolution, as well as the probe depth, can be controlled by the accelerating voltage
and the incidence angle of the specimen. The sample is placed in the SEM at an inclination
angle of 70° relative to the incidence angle of the electron beam. This angle is required so
to maximize the intensity of backscattered electrons. A consequence of the large tilt angle is
that the sample surface must be very flat. Slight variations in the surface normal will alter
the incidence angle. Variation in surface height will degrade the diffraction pattern and lower
the quality of the orientation map. The basic premise of EBSD is to collect the elastically
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backscattered electrons which undergo Bragg diffraction as they exit the sample. As such, the
detector should be situated relatively close to the sample to collect the backscattered electrons
over a large solid angle. A statistically significant number of grains must be indexed in order
to produce quantitative results. To raster the primary beam across the sample surface, either
the specimen is translated with respect to the primary beam or the primary beam is stepped in
a method similar to conventional scanning electron microscopy. The beam is rastered to a user
specified grid of data acquisition points where the beam remains stationary for the time required
to collect the Kikuchi pattern, index the orientations, and record the coordinates. To index
Ta-LLZO, a beam accelerating voltage of 20 kV is used with a working distance of 22 mm.
Ta-LLZO samples were adhered to the SEM pin using carbon tape and a silver colloid polish
was applied around the outer edge of the specimen and pin to form an electrical connection
between them. For each indexed point, an exposure time of 1 ms is used. These precautions
are implemented to prevent surface charging, subsequent beam drift, and the resulting pattern
degradation.

3.3
3.3.1

Material Preparation
Ta-LLZO Pellet Sintering Preparation

Material pellets used for characterization by EBSD and subsequent integration into the FEM
model are made by Ta-LLZO powder that is sintered using as-purchased powder from Ampcera
Inc. having the reported chemical formula as Li6.4 La3 Zr1.4 Ta0.6 O12 . To form the green body,
the powder is mixed with a small amount of polyvinyl alcohol (PVA) binding agent sufficient
to agglomerate the powder and compressed in a stainless steel die at 200 MPa for three minutes
producing a pellet with diameter of 10 mm and thickness of 4 mm. During the high temperature
sintering process, the PVA binding agent decomposes and is removed. The green body is then
placed on a Ta-LLZO mother powder bed in an Al2 O3 crucible, covered in additional TaLLZO mother powder to prevent lithium loss, and sintered. Routine sintering conditions for
Ta-LLZO use temperatures in the range of 1100◦C - 1200◦C for time periods of 12 – 24 hours.
Material densities of 90% of the theoretical density (5.257 g cm−3 ) can be achieved using
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these conditions [42, 43, 44]. Samples used in this report are made using this conventional
sintering methodology as it is commonly used in the research community for the synthesis of
SSE materials and is easily preformed given the resources made available in lab. Two samples
of Ta-LLZO are evaluated by means of EBSD which will hereby referred to as Sample 1 and
Sample 2. Sample 1 is made from Ta-LLZO powder used as-purchased. Figure 3.1 shows the
as-purchased powder which has a diameter of approximately 2-5 microns. A heating rate of
5◦C/minute is used to reach the sintering temperature of 1200◦C. The sample was held for a
period of 12 hours at the sintering temperature after which the oven is turned off and allowed
to cool to room temperature. Sample 2 varies from Sample 1 only by the size of the powder
used. Sample 2 uses a combination of ball-milled powder and as-purchased powder. Powder
ball-milling was performed in air at a milling speed of 500 rpm for 2 hours. Although powder
size was not explicitly determined for this sample, previous lab members have performed the
identical ball-milling protocol on the same starting powder and report a powder diameter of
approximately 500 nm. A green body was made by mixing 70% by weight ball-milled powder
and 30% as-purchased powder, and thoroughly mixing with PVA binder. All subsequent steps
for sample making are identical to Sample 1. The use of smaller powder sizes is thought
to increase the resulting grain size and density of the sintered specimen. This is due to the
higher surface energy of the smaller powder which promotes particle aggregation and grain
formation [20]. The addition of larger powder sizes serve to form grain nucleation sites due
to their relative stability and may increase size homogeneity. Junhao et al. report densities of
up to 96% using ball-milled Ta-LLZO powders sintered at 1180 ◦C for 12 hours and a Li-ion
conductivity of 6.68 × 10−4 S/cm [45]. Using EBSD, quantifiable analysis is performed on
these two samples to evaluate changes in the microstructure.
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Figure 3.1: SEM image of as-purchased Ta-LLZO powder used for quantifying particle size. Particle diameters are found to be in the range of 2 – 5 µm.

3.3.2

Development of a Surface Preparation Protocol

3.3.2.1

General Considerations

As discussed previously, EBSD is a surface sensitive technique where the diffraction signal
comes from the top few tens of nanometers of the crystal lattice. Minimizing the surface
topology, contamination, and damage is therefore critical for obtaining suitable EBSD data.
Standard sample preparation methods involve mechanical grinding for high material removal
rates followed by polishing. The early grinding stages are used to form a flat surface. Subsequent grinding steps use progressively finer abrasive sizes to remove damage from the previous
step. The sample surface is inspected using an optical microscope to ascertain the removal of
surface damage. Once the finest abrasive size has been used, the polishing stage can begin.
By ensuring adequate damage removal between stages and grinding up to a very fine abrasive
(generally 4000 grit), the amount of polishing required to obtain a good surface can be greatly
reduced. Polishing is used to remove the damage caused by grinding. Suspensions or slurries
of polishing compound is applied to a cloth. Unlike in grinding where the abrasive particle is
fixed to the underlying disk, polishing abrasives are free to move and roll. This reduces the size
of material chips removed from the surface. The material removal rate is thus lower than in
grinding leading to longer processing times if grinding was not performed well. Careful con-
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sideration should be paid to the properties of the material to be processed as this will dictate
what grinding and polishing materials and methodology should be used. Specifically, hardness
and ductility are important. The hardness of the material will indicate which abrasive materials
should be used. For example, hard ceramics would benefit from a diamond polish while softer
metals may be sufficiently prepared with an α-alumina suspension [46]. The ductility of the
material will express the material response to abrasion. If a material is ductile, plastic deformation will deteriorate the quality of Kikuchi patterns [47]. Alternate preparation methods to
mechanical means may be required such as chemical etching or electropolishing.
3.3.2.2

Outline of Protocol Development for Ta-LLZO

For the preparation of Ta-LLZO, a new polishing preparation method must be devised. The
methods and process of developing this protocol will now be outlined and concluded with the
finalized protocol which has been used for all sample for which EBSD data was to be collected.
For all images shown in this section, materials are made using the same process as discussed
for Sample 1. Early attempts at surface preparation were performed by manual dry grinding
from 320 to 4000 grit sandpapers. Similar surface preparation methods have been reported
by Cheng et al. where dry grinding from 240 to 600 grit sandpapers in an Argon glovebox
provided SEM images show clear and distinct grain boundaries [20]. SEM images taken
immediately following this method show regions of the surface display significant damage, as
well, the surface roughness appear high (Fig. 3.2).

Figure 3.2: SEM surface images of Ta-LLZO at different magnifications following dry grinding
from 320 – 4000 grit sandpapers. Subfigure A) at 5000x magnification does not reveal
grain boundaries. B) 1000x magnification shows significant surface damage.
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Following the initial attempt, it was clear a liquid medium should be introduced to carry
chips away from the polishing surface and reduce surface damage. Grinding was performed
in the same manner as the previous attempt while a liquid medium is applied to the grinding
paper. Due to the shallow depth of penetration of the electron beam into the sample surface
during EBSD, care must be taken during the surface preparation to prevent the formation of
surface contaminants. For Ta-LLZO, water cannot be used as the lubricant due to the formation
of LiOH and the subsequent transformation to lithium carbonate upon contact with CO2 in the
air [48, 36, 49, 39]. Anhydrous ethanol is therefore used as a polishing medium and polished
materials are stored under vacuum since an amorphous lithium carbonate surface layer will
deteriorate the quality of the Kikuchi patterns from EBSD. SEM images show an improvement
in surface quality relative to dry polishing however the surfaces still show significant damage
and high surface roughness (Fig. 3.3).

Figure 3.3: SEM images of Ta-LLZO sample surface after wet grinding using anhydrous ethanol.
High variation in the surface topology is evident indicating poor suitability for EBSD.
Figures are of different surface regions and different magnification. A) 700x magnification, B) 1500x magnification, and C) 10000x magnification.

A polishing stage was now implemented following the wet grinding where α-alumina powder, which is widely used in metallurgic and ceramic preparations, is mixed with anhydrous
ethanol to form a suspension that could be applied on the surface of a neoprene polishing
cloth. A stir bar and plate were used to ensure an even consistency of the polishing suspension
throughout the polishing process. This polishing step was added to reduce surface topology
and damage. Alumina powder sizes of 1 µm, 0.3 µm and 0.05 µm were used in succession.
SEM images following the polishing of these surfaces are shown in Figure 3.4.
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Figure 3.4: Surface images of Ta-LLZO from SEM following wet grinding and polishing using
α-alumina powder. The magnification of these images are of A) 70x, B) 420x, and C)
800x. These images show a marked improvement surface roughness.

While appearing quite flat, Figure 3.4 does not provide information in regards to grain
shape, morphology, and size distribution. This is due to the lack of visible grain boundaries.
While several methods exist for resolving the grain boundaries, the process of thermal etching
was deemed the most suitable and feasible. Thermal etching involves holding the specimen at
a few hundred degrees below the sintering temperature for a short time period. The mechanism
for revealing the grain boundaries is by the preferential transfer of material away from the
grain boundaries. At the junction of neighbouring grains, an increase in crystal defects can be
expected. The resulting increase in chemical potential relative to the grain interior accentuates
the rate of mass removal at the grain boundary. The resulting mass transfer produces grooves
at the grain boundaries that are highly visible. While this method is advantageous for imaging,
thermal etching may introduce surface morphology that is detrimental to the patterns that can
be collected by EBSD. For this reason, thermal etching will only be used for SEM imagery
and if the material is deemed suitable for EBSD, a final polish should take place preceding the
EBSD data collection. Following thermal etching at a temperature of 700◦C for a period of 30
minutes in air, grain boundaries are visible (Fig. 3.5).
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Figure 3.5: Surface images of Ta-LLZO from SEM following wet grinding, polishing using αalumina powder, and thermal etching at a temperature of 700◦C for a period of 30
minutes in air. The magnification of these images are of A) 2000x, B) 3000x, C) 8000x,
and D) 10000x. Grain boundaries are most visible using the higher magnification of
images C) and D). Embedded surface particles are seen in all areas of the surface.

Despite now having clearly visible grain boundaries, surface particles are visible, the size of
which is indicative of the 1 µm and 0.3 µm polishing powders. It is likely that the α-alumina has
embedded itself in the specimen surface. To remove these particles, samples were placed in an
ultrasonic bath in anhydrous ethanol for a period of 1 hour. Figure 3.6 shows the surface finish
post ultrasonic bath. Embedded surface particles remain in the surface, as well, significant
surface damage occurred. While it is generally recommended to reduce ultrasonic bath time to
prevent surface damage, this was not tested due to the lack of observable changes in surface
embedding.
For all polishing described thus far, a neoprene polishing cloth and α-alumina polishing
powder has been used. Neoprene polishing cloths have low nap. The nap of a given textile
represents the raised surface on the cloth. Low napped cloths generally find applications in
coarser polishing steps and for applications where surface flatness should be achieved. Low
nap cloths exhibit higher density and hardness, and lower compressibility compared to high nap
cloths. From the previous grinding stages, suitable surface flatness was achieved and polishing
was intended to improve the surface finish. The decision was made to switch from the low nap
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Figure 3.6: SEM surface images of Ta-LLZO following wet grinding, polishing using α-alumina
powder, thermal etching, and a 1 hour ultrasonic bath in anhydrous ethanol. The magnification of these images are of A) 600x, B) 2500x, C) 3000x, and D) 6000x. Surfaces
appear damaged however grain boundaries remain visible. The embedded surface
particles remain and do not appear any less numerous.

neoprene cloth to a long napped cloth made from synthetic rayon. The long nap allows for
abrasives to penetrate into the nap which lowers the depth of material removal and produces
a high quality surface finish suitable for EBSD. In addition, to improve the surface finish, a
diamond polishing paste was used to replace α-alumina. Due to the high hardness of Ta-LLZO
of 6.3 GPa [50]. , diamond particles should cut very well and produce small chip sizes with
a correspondingly low surface damage compared to α-alumina. A polycrystalline diamond is
used to further reduce preparation time, chip sizes, and surface deformation. SEM images of
the specimen surface after polishing with up to 0.5 µm diamond paste and a long napped cloth
are shown in Figure 3.7. These images indicate suitability for EBSD. Grain boundaries are
visible without the use of a thermal etch. Narrow surface scratches are present however their
impact on EBSD data collection are predicted to be minimal. This serves as the final iteration
to developing a preparation protocol for Ta-LLZO. The final procedure is outlined below.
Ta-LLZO pellets are progressively mechanically wet ground using an anhydrous ethanol
medium with sandpaper ranging from 320 to 4000 grit fixed on a rotating disk at 300 rpm.
Between each grinding stage, the sample is inspected under an optical microscope to ensure
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scratches and damage caused by the previous grinding step have been removed. Polishing is
then performed using polycrystalline diamond paste of sizes 10 µm, 3 µm, 1 µm and 0.5 µm on
a napped polishing cloth. The largest size of 10 µm was used to match the average particle size
of 4000 grit sandpaper. During these polishing steps, a low force of 10 N was applied on the
specimen to reduce the size of the removed chips of the specimen material and thus ensure the
flattest possible sample surface and best surface finish for EBSD. A subsequent cleaning step
is performed using a clean cloth to remove any diamond particles that may have embedded in
the surface. This final cleaning step is preformed following the final polishing step as well as
immediately preceding the EBSD procedure.

Figure 3.7: SEM images at magnification A) 2000x, and B) 900x of Ta-LLZO following grinding,
polishing using diamond paste of sizes 10 µm, 3 µm, 1 µm, and 0.5 µm on a napped
polishing cloth, and cleaning on a clean cloth.

3.3.2.3

Development of a Semi-Automatic Polishing System

To semi-automate the long preparation times required for making a surface suitable for EBSD,
a sample holding arm has been constructed and calibrated that has full control of sample position in two-dimensions. The sample is fixed to a bolt using a Teflon lock nut, placed in contact
with an underlying polishing disk, and moved counter to the rotation of the disk. A G-code
is generated using the open source software Inkscape and is sent to the micro controller. The
code is set such that a spiral pattern is used allowing for the full utilization of the polishing
cloth surface area. The sample motion is set such that it moves at 1000 mm min−1 . For wet
polishing, a silicon tube is fed through the device such that the dispensing end is at the same
location as the sample. The flow rate is controlled via a potentiometer which regulates the
potential applied to a peristaltic pump. The flow rate was adjusted such to maintain an even
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surface coating with no excess. A simplified diagram and image of the setup is provided below
in Figure 3.8.

Figure 3.8: Semi-automatic sample polishing set up. A) Diagram of the set up indicating the motion of the mechanical arm and the underlying polishing disk. B) Photograph of the
polishing set up in the lab.

3.4

EBSD Data Analysis

SEM images of the sample region indexed are shown along side an SEM image with superimposed EBSD grain map. These are shown in Figures 3.9 and 3.10 for Sample 1 and Sample 2,
respectively. The area indexed for Sample 1 was 170 µm x 90 µm of which 76.1% of the area
was successfully indexed. Sample 2 had a 300 µm x 300 µm area indexed of which 67.0% of
the area was indexed successfully. EBSD patterns were indexed using the room temperature
lattice parameter of a = 1.28873 nm as reported by Li et al. [18] for Ta-LLZO.
Figures 3.9C and 3.10C plot the band contrast (BC) of the EBSD patterns for Sample 1
and Sample 2. The BC is derived from the average intensity of the Kikuchi pattern bands
with respect to the average intensity of the EBSD pattern. The BC is evaluated by 256 levels
of brightness (0 - 255) where 0 indicates a poor pattern and 255 is a good pattern. Figures
3.9D and 3.10D indicate the Mean Angular Deviation (MAD) which is used to express the
reliability of indexing. The MAD indicates the average angular misfit between the measured
and calculated angles between bands. The average MAD value for indexed points are 0.627o
and 0.637o for Sample 1 and Sample 2, respectively. The average BC value for indexed points
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are 254.88 and 254.82 for Sample 1 and Sample 2, respectively.
Representative Kikuchi diffraction lines collected by EBSD at a 20 kV accelerating voltage
are presented in Figure 3.11.

Figure 3.9: A SEM surface image of Sample 1 is shown in A). The same image with superimposed
EBSD grain data is shown in B) indicating the region indexed. The colour map is
plotted with respect to the global Z-axis. C) shows the BC map where the colour bar
indicates the BC brightness where 0 indicates a poor pattern and 255 is a good pattern.
D) shows the D) MAD map where the colour bar indicates the average angular misfit
between the measured and calculated angles between bands.
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Figure 3.10: A SEM surface image of Sample 2 is shown in A). The same image with superimposed EBSD grain data is shown in B) indicating the region indexed. The colour
map is plotted with respect to the global Z-axis. C) shows the BC map where the
colour bar indicates the BC brightness where 0 indicates a poor pattern and 255 is a
good pattern. D) shows the D) MAD map where the colour bar indicates the average
angular misfit between the measured and calculated angles between bands.
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Figure 3.11: Representative Kikuchi patterns obtained during EBSD data collection.

Indexed microstructures originate from sample surface regions rather than cross-sectional
regions. To ensure the surface regions possesses a microstructure representative of the crosssection, samples were fractured and images on the fracture site by SEM (Fig. 3.12). Images
demonstrate no grain morphological disparities compared to surface grain morphology.

Figure 3.12: SEM images of Ta-LLZO cross section at a magnification of A) 850x and B) 350x.

The indexed data file obtained from EBSD was post-processed using the open source Matlab add-on, MTEX [51, 52]. The process of generating grains using MTEX is through the
process of Dirichlet partitioning of adjacent measurement locations by use of the corresponding adjacency matrix; that is, the matrix identifying if sets of vertices are adjacent. Following
the partitioning, the defined threshold of grain misorientation is used to identify the Dirichlet
cells by which the grain boundaries are identified outlining the cells along the adjacency matrix
defined boundaries [52]. The means by which grains are defined for use in texture analysis
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and for the FEM modelling discussed in Chapter 4 are the same. The difference between the
calculated grain maps lies in grain indexing. To ensure data interpolation does not skew the
results, the non-indexed regions are treated as a second phase in the material and are excluded
from the analysis. This means the grain partitioning scheme will not interpolate data to fill the
non-indexed areas. For FEM modelling, only a single phase is identified meaning partitioning
will expand into non-indexed regions where interpolated data is used to fill the non-indexed
points. The resulting grain partitioning scheme is presented in Figure 3.13 superimposed on
the EBSD point data coloured to represent the mean orientation of the grain. Crystal lattice
orientation is described by the rotation required to reach a particular orientation from a chosen
reference orientation.
In reference to the migration of lithium through the material, grain boundaries exhibit diffusional properties differing from that of the grain bulk. The structure of the grain boundary
exhibits generally unfavorable diffusional kinetics such that Sharafi et al. report a strong relationship between critical current density (CCD), defined as the current density above which Li
metal begins to propagate in the SSE, and grain size [19]. Cheng et al. however concluded the
opposite, showing a negative correlation between grain size and CCD [20]. It is therefore suggested that it is not merely the grain size, but the grain misorientations / boundary types present
in the sample that impact the CCD. Table 3.1 summarizes some of the key texture information
for Sample 1 and Sample 2. Sample 2 exhibits variation in grain size compared to Sample 1 as
is shown in Figure 3.14 and Table 3.1. In fact, each of the microstructural parameters evaluated
in Table 3.1 show variances between Sample 1 and Sample 2. Sample 1 and Sample 2 exhibit a
mean grain orientation spread (GOS), defined as the average deviation in orientation between
each indexed point and the mean grain orientation of the grain, of 0.42o and 0.40o , respectively.
In the absence of external loading, this represents a significant deviation in orientation.
Grain misorientation is defined as the difference in crystallographic orientation between
two grains in the polycrystal. The orientation of each grain is described by the required transformation from the global reference frame to the local reference frame. Similarly, grain misorientation is the transformation required to change from the local reference frame of one grain to
the local reference frame of another grain. The misorientation matrix, ∆gAB , is found in terms
of the rotation matrices, g, of grain A and grain B as
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(3.2)

The misorientation angle and the vector components, ri , by which the rotation acts are
derived from the misorientation matrix as:

θ = cos−1

h g11 + g22 + g33 − 1 i

g23 − g32
2 sin θ
g31 − g13
r2 =
2 sin θ
g12 − g21
r3 =
2 sin θ

r1 =

2

(3.3)
(3.4)
(3.5)
(3.6)
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Figure 3.13: Grain maps of A) Sample 1, and B) Sample 2. Grain colour represents the mean
grain orientation. The corresponding colour map is provided in the inverse pole
figure. The colour map is plotted with respect to the global Z-axis. White regions
indicate unindexed points.
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Figure 3.14: Histogram representing the grain area distribution and the relative percent of the
total area the grains of that area cover for A) Sample 1, and B) Sample 2. The bin
width is 50 µm2 .

Table 3.1: Statistical summary of Sample 1 and Sample 2 texture information.

Min.

Max.

Mean

Standard
Deviation

Sample 1

Sample 2

Area (µm2 )

6.68

2040

78.41

238.89

Aspect ratio

1.01

6.54

1.55

0.65

Perimeter (µm)

9.44

174.84

29.81

26.52

Misorientation (°)

3.42

59.93

39.42

12.51

GOS (°)

0.16

1.10

0.42

0.12

Area (µm2 )

5.21

2450

76.28

208.90

Aspect ratio

1.01

5.30

1.48

0.50

Perimeter (µm)

8.39

202.08

33.27

48.89

Misorientation (°)

2.97

62.23

41.34

11.65

GOS (°)

0.18

0.83

0.40

0.09

% area < 500 µm2

38

39
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Representative Volume Element Analysis

The representative volume element (RVE) serves as a volume of heterogeneous material of
sufficient size to be statistically representative of the material. The RVE should appropriately
sample all microstructural heterogeneities of the material. The RVE is evaluated by indexing
a large material area by EBSD and identifying the maximum ODF value for the [100], [110],
and [111] directions. Progressively smaller areas are evaluated for their maximum ODF value
and the area where ODF values begin to diverge indicates the minimum RVE area. Figure 3.15
plots the maximum ODF values based upon Sample 2 for areas 250 µm x 250 µm, 200 µm x
200 µm, 150 µm x 150 µm, 100 µm x 100 µm, and 170 µm x 90 µm (the indexed dimensions
of Sample 1). The area of divergence occurs at approximately 15000 µm2 .
RVE analysis is also useful in identifying to what effect textural difference between Sample
1 and Sample 2 are of grain population origin. This analysis indicates the indexed area of
Sample 1 is near the minimum RVE area and thus textural differences between samples are
concluded to be manufacturing dependent rather than the result of population effects.

Figure 3.15: RVE analysis of Ta-LLZO microstructure derived from EBSD. Boxes around A) indicate the regions measured for the RVE analysis. The region identified in red indicates
the indexed dimensions of Sample 1. Divergence study (divergence as sample size becomes smaller) is shown in B) which indicates a minimum RVE area of around 15000
µm2 . The ODF maximum values for [100], [110], and [111] directions of Sample 1 is
indicated with in red. Legend terms ‘S1’ and ‘S2’ refer to Sample 1 and Sample 2
respectively.
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Intergranular Misorientation

The misorientation of two adjacent grains describes the difference in crystallographic orientation relative to each other. Figure 3.17 shows the grain map with colour coded boundaries
representing the misorientation of the crystallites on opposing sides of the boundary. Figures
3.16A and 3.16B plot these misorientations against the frequency relative to the total number
of grain boundaries. The theoretical misorientation distribution of an untextured cubic phase
material is shown for comparison. Sample 1 exhibits more low (≤10°)and high (≥55°) misorientation boundaries and fewer misorientation boundaries between these values compared to
the randomly textured sample. Sample 2 however, shows misorientation values much closer to
the untextured surface. The distribution of Sample 1 is described by 182 grains while Sample
2 is described by 1138 grains. A similar trend to Sample 1 is observed in the work of Cheng et
al. [24] who evaluate the microstructure of conventionally sintered Al-doped LLZO by Laue
microdiffraction. A high frequency of low misorientation boundaries are measured in their
work.

Figure 3.16: Grain misorientation and the frequency of the misorientation relative to the total
number of grain boundaries for A) Sample 1 and B) Sample 2. The untextured line
indicates the misorientation distribution predicted for a random textured material of
cubic phase.
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Figure 3.17: Misorientation grain maps for A) Sample 1, and B) Sample 2.

Ionic diffusion of the grain boundary in the intraplanar and transplanar directions can differ
from that of the grain bulk diffusional properties. Monte Carlo simulations of LLZO grain
boundary structures find Li-ion diffusion to be 2-3 times lower in the grain boundary relative to
the bulk [12]. Type Σ3 and Σ5 boundaries are evaluated and show isotropic diffusivity for Σ5
boundaries and anisotropic diffusion in Σ3 boundaries. While Σ5 boundaries are predicted to
exhibit ionic diffusion 2 times lower than the bulk, Σ3 boundaries are predicted to have 4 times
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greater intraplanar diffusion and 200 times lower transplanar diffusion relative to the bulk. The
texture of the sample will then influence the tortuosity of the Li-ion path and alter the material conductivity. The experimental behaviour of LLZO is therefore expected to be complex
with respect to grain boundary composition. The measured grain misorientation distribution of
Sample 1 and Sample 2 (Fig. 3.16) clearly demonstrates grain boundary compositions differences which are dependent on the initial particle size distribution. While the ionic conductivity
properties of these materials were not measured, the differences in grain boundary misorientation distributions suggest the ionic conductivity of the material can be modified by means of
manufacturing method.
To discuss the texture of Ta-LLZO, it is useful to examine the positions and intensities of
the main density maxima from the pole figure. Pole figures are used as a representation of
the crystallographic plane orientation rather than an individual crystal. The plane orientation
is represented by a vector normal to the plane. The stereographic projection of the vector
intersection on a unit sphere makes up the pole figure. The discrete poles depict one crystal
or one volume unit. The pole figure is plotted with respect to a sample direction aligned with
a particular crystallographic pole. Figure 3.18 contain the pole figures with labels identifying
the density maxima and their corresponding positions in Bunge Euler space with constant φ2 .
The density of each orientation is given as a multiple of the random texture, which is equal
to 1.In all pole figures, x coincides with the radial direction of the sample, y points north
coinciding with transverse direction, and z points into the plane coinciding with the sample
thickness. Figure 3.18A shows Sample 1 texturing in the (111) orientation along the x-direction
of the sample surface. Figure 3.18B are pole figures corresponding to Sample 2. The intensity
maxima is much less when compared to Sample 1. Sample 2 exhibits weak texturing in the
(111) orientation along the x and y specimen directions. It is evident from these figures that the
changes in initial particle size distributions have significant influence on material texturing.
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Figure 3.18: Pole figure representations of the texture in the (100), (110), and (111) crystallographic orientations for A) Sample 1, and B) Sample 2. Intensity bars represent
multiples of random distribution intensity.

3.4.3

Intragranular Misorientation

While the grain is typically considered a region of constant crystallographic orientation, in reality there typically exists a degree of intragranular misorientation. To examine the possible
heterogeneity within grains, the crystallographic orientations within individual grain is investigated. Regions of high misorientation are due to distortions in the crystal lattice which are
alleviated by the formation of dislocations. Dislocations within the crystal material serve as
obstacles to the mobile lithium. Li-ion migrational paths within the vicinity of the dislocation
will become more complex and the resulting increase in path tortuosity will raise the local
Li-ion resistance. By evaluating intragranular misorientation, perspective on localized charge
resistance can be developed. Results show a range of GOS from 0°, indicating a perfectly
ordered grain, to 1.10° in Sample 1 (Fig. 3.19). Sample 2 has a GOS range from 0° to 0.83°
(Fig. 3.20). The variation in crystal orientation is indicative of local strain distributions within
the grain. The magnitude of the GOS is proportional to the local strain distribution. Another
common means of investigating intragrain misorientation is the Kernal Average Misorientation
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(KAM) map. The KAM provides the average misorientaton between a measured point and its
nearest neighbour points within the same grain. Unlike the GOS, the KAM is an individual
point property where each point in the grain has a local misorientation value. Results show
KAM values in the range of 0° to 2.14° for Sample 1 and 0.02° to 2.41° for Sample 2. GOS
and KAM distributions between the two samples vary indicating an influence of initial particle
size distributions in intragranular misorientation.

Figure 3.19: Intragranular misroientation maps of the A) GOS, and B) KAM for Sample 1. The
average intragranular misorientation relative to the grain mean is show as a histogram in C).
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Figure 3.20: Intragranular misroientation maps of the A) GOS, and B) KAM for Sample 2. The
average intragranular misorientation relative to the grain mean is show as a histogram in C).

3.4.4

Texture Influence on Elastic Stiffness

As will be discussed in detail in Chapter 4, Ta-LLZO exhibits anisotropy in its elastic stiffness.
By using the measured EBSD data, calculation of the average elastic properties of the polycrystalline aggregate can be performed. This required the use of the corresponding property tensor,
in this case the stiffness tensor C, and a representative set of individual grain orientations as
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measured by EBSD. It will be assumed that the sample contains no porosity, thus allowing
for the comparison to results to the FEM modelling in Chapter 4. For Ta-LLZO, the elastic
stiffness tensor, C, was calculated by Yu et al. [53] who report the tensor:


169.8 63.9 63.9

0
0
0




0
0
0 
 63.9 169.8 63.9



 63.9 63.9 169.8 0
0
0 


 GPa
C = 

 0
0
0
69.8 0
0 




 0
0
0
0 69.8 0 


 0
0
0
0
0 69.8
The Voigt average is used to evaluate the specimen effective tensor. This method assumes
the tensor field is homogenous throughout the specimen. The Voigt specimen effective stiffness tensor hCiVoigt is defined as the individual stiffness tensor in the respective crystalline
orientations gCm , multiplied with the crystal volume fraction Vm :
hCiVoigt =

M
X

Vm C(gCm )

(3.7)

m=1

The resulting Voigt average specimen effective tensors are presented below. The representation of the elastic modulus as a pole figure is similar to the orientation representation with
exception that each position on the pole figure is allotted a corresponding elastic modulus value
rather than a volume fraction of individual pole. The volume weighted average of the elastic
tensor for Sample 1, Sample 2, and the single crystal of Ta-LLZO are described in equation
3.7 and their pole figure representations are presented in Figure 3.21. General details on pole
figures are provided in Appendix A.

hCiVoigt
S ample1



184.67 56.47 56.46 0.38 −1.64 0.38 




 56.47 183.32 57.82 0.15 0.15 −0.64


 56.46 57.82 183.32 −0.53 0.25 0.25 
 GPa
= 

 0.38
0.15
−0.53 63.72 0.25 0.15 




 −1.64
0.15
0.25
0.25 62.36 0.38 


 0.38
−0.64
0.25
0.15 0.38 62.37 
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 183.9 56.5
57.2 −0.16 0.44 0.48 




 56.5 183.97 57.13 −0.2 −0.28 −0.55


 57.2 57.13 183.27 0.35 −0.16 0.07 
 GPa
= 

−0.16 −0.2
0.35
69.8 0.07 −0.28



 0.44 −0.28 −0.16 0.07 69.8 −0.16


 0.48 −0.55
0.07 −0.28 −0.16 69.8 


 0.9958 1.0005 1.0131 −0.4211


 1.0005 1.0035 0.9881 −1.3333


 1.0131 0.9881 0.9997 −0.6604
= 
−0.4211 −1.3333 −0.6604 1.0954


−0.2683 −1.8667 −0.6400 0.2800

 1.2632 0.8594 0.2800 −1.8667


1.2632 


−1.8667 0.8594 


−0.6400 0.2800 
 GPa

0.2800 −1.8667


1.1193 −0.4211

−0.4211 1.1191 
−0.2683

Figure 3.21: Pole figure representations for the resulting Voigt average specimen effective stiffness
tensors of A) Sample 1, and B) Sample 2. The pole figure representation for the single
crystal stiffness tensor is shown in C). The colour bar indicates the effective Young’s
modulus in a particular orientation in unit GPa.

While the single crystal exhibits stiffness anisotropy resulting in difference of elastic stiffness of 22 GPa (170 – 192 GPa) depending on orientation, Sample 1 and Sample 2 show a
range of 4.5 GPa and 2 GPa, respectively (Figure 3.21). This difference is the result of material
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texturing. A completely random texture will exhibit isotropic elastic stiffness meaning the orientation dependent change in stiffness will be zero. Due to the presence of texturing in Sample
1 and Sample 2, there is predicted to be a non-zero orientational dependence in material stiffness. It is important to note that these calculated tensors represent that of the specimen average.
The largest difference in the Voigt-averaged elastic stiffness components between Sample 1 and
Sample 2 (ignoring components where i , j, and i or j is greater than 3) are C44 , C55 , and C66
which relate to the shear components.
A means of quantifying the anisotropy of the elastic response of a material has been proposed by numerous reports [54, 55, 56]. For the estimated stiffness tensors of the polycrystalline material, it is important that all stiffness coefficients are evaluated when calculating the
degree of anisotropy. As such, a ‘universal’ anisotropy index, AU , is calculated using the procedure outlined in the work of Ranganathan and Ostoja-Starzewski [57] which is as follows
AU = C V : S R − 6 ≥ 0

(3.8)

where C and S are the stiffness and compliance tensors, respectively. Superscripts V and
R denote the Voigt and Reuss estimates, respectively. Using this procedure, isotropic materials
result in AU equal to zero. Deviation from zero defines the extent of anisotropy. The calculated
anisotropy index values are as follows:

Sample 1 : 0.0887
Sample 2 : 0.0914
Single Crystal Ta − LLZO : 0.0921
The results demonstrate Sample 2 exhibits greater elastic anisotropy compared with Sample
1.
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Prediction of the Influence of Microstructure on Material Diffusivity

Molecular dynamics simulations of the grain boundaries of the cubic polymorph of LLZO by
Yu and Siegel [12] have suggested a grain boundary type dependence on lithium diffusivity.
They examine three coincident-site lattice (CSL) structures: Σ5(310)/[001], Σ5(210)/[001],
and Σ3(112)/[11̄0]. The corresponding grain misorientations for these boundaries are 36.9o ,
53.2o , and 60o respectively. Table 3.2 lists their calculated diffusivity measurements for these
grain boundaries in both transboundary and intraplanar dimensions at a temperature of 300K.
Table 3.2: Modelled grain boundary diffusivity values in transboundary and intraplanar directions at 300K from the work of Yu and Siegel [12].

Misorientation

Transboundary

Intraplanar

Diffusivity

Diffusivity

(x10−13 cm2 /s)

(x10−13 cm2 /s)

Diffusivity
angle
(degrees)

(x10−13 cm2 /s

Bulk

0.00

9.16

Σ5(310)

36.9

0.11

0.10

Σ5(210)

53.2

0.05

0.02

Σ3(112)

60.0

0.04

40.0

Rapid changes in grain boundary diffusivity are known to occur at the extrema of grain
boundary misorientation. A piece-wise extrapolation of the grain boundary diffusivity properties are therefore used to estimate the diffusivity of grain boundaries not explicitly calculated.
Grain boundary diffusivity at extrema is estimated using exponential fitting. Linear fitting was
used for all other sites (Figure 3.22). The estimated transboundary and intraplanar diffusivity
are mapped for Sample 1 and Sample 2 in Figures 3.23 and 3.24 respectively. The weighted
average grain boundary diffusivity is shown in Table 3.3 which is based on the effective transboundary and intraplanar cross-section in the global x and y components. This weighting is
assumed valid since differences in grain size or morphology between samples are small, which
could otherwise influence the effective grain boundary cross-sections.
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Figure 3.22: Diffusivity estimates from piece-wise interpolation of modelled grain boundary values from Yu and Siegel [12]. A) Transboundary estimates and B) intraplanar estimates.

It is observed that Sample 2 exhibits a significantly greater intraplanar diffusivity average
compared with Sample 1 with a 232.48% and 167.73% increase in the global x and y directions, respectively. Differences between samples for average transboundary diffusivity was
notably lower. These estimates suggests that Sample 2 should exhibit a greater diffusivity and
improved performance compared to Sample 1. This conclusion is supported by the work of
Cheng et al.[20] who follow a similar manufacturing procedure, making green bodies composed of either uniform powder size (1µm) or a combination of powder sizes (1µm and 10
µm). Total conductivity was measured to be greater in the samples made of a bimodal distribution of particle sizes in the green body compared to the samples made of uniform particle sizes
(2.5x10−4 S /cm vs. 2.0x10−4 S /cm).
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Figure 3.23: Grain boundary maps of estimates lithium diffusivity for Sample 1 in the A) transboundary and B) intraplanar directions. Colour bar indicates diffusivity in units
x10−13 cm2 /s.

Figure 3.24: Grain boundary maps of estimates lithium diffusivity for Sample 2 in the A) transboundary and B) intraplanar directions. Colour bar indicates diffusivity in units
x10−13 cm2 /s.

Chapter 3. Surface Characterization of Ta-LLZO

51

Table 3.3: Weighted average grain boundary diffusivity of Sample 1 and Sample 2 in the transboundary and intraplanar components in the global x and y axis coordinates. Weighting is based upon the effective cross-section in the global x and y coordinates. Percent
increase is based on the increased diffusivity of Sample 2 with respect to Sample 1.

% increase
Sample 1

Sample 2

[(Sample 2 - Sample 1)
/Sample 1] * 100

Transboundary Diffusivity

x

0.0463

0.0516

11.45

(x10−13 cm2 /s)

y

0.0459

0.0514

11.98

Intraplanar Diffusivity

x

0.4092

1.3605

232.48

(x10−13 cm2 /s)

y

0.5990

1.6037

167.73
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Conclusions

The microstructure of Ta-LLZO is critical to its performance. Understanding how material
preparation parameters such as initial particle size and sintering conditions influence the microstructure is imperative if this material is to be optimized. This chapter outlines the development of a surface preparation protocol to obtain Ta-LLZO samples with suitable attributes
for EBSD data collection. Two samples prepared with distinct initial particle size distributions
are evaluated on the basis of their microstructures. Final grain sizes were noted to vary slightly
between samples indicating a dependence in initial particle size distribution. In addition, grain
misorientation was measured to differ between samples where Sample 1 exhibits a high population of low misorientation angles and deviates from the misorientation distribution predicted
for a randomly oriented, cubic-phased material. The misorientation distribution of Sample 2
closely follows the prediction for a randomly oriented material. Characterization of the material texture indicates Sample 1 has much stronger texturing compared to Sample 2. RVE
analysis demonstrates the texture differences are manufacturing dependent rather than related
to population effects. A ‘universal’ anisotropy index for Sample 1 and Sample 2 was calculated
which demonstrates that Sample 2 exhibits greater elastic anisotropy compared with Sample
1. These results suggest that changes in initial particle size distributions have a significant influence on material texturing and global elastic anisotropy. In reference to the electrochemical
performance of the two samples, analysis of the measured grain boundary misorientation indicates that Sample 2 should exhibit greater lithium diffusivity and improved performance compared with Sample 1. While not confirmed experimentally in this report, the experimental work
of Cheng et al.[20] appears to support this conclusion. This result suggests that microstructural
engineering may serve as a powerful tool for improving ASSB performance which, to date, has
received little attention.

Chapter 4
Micromechanical Modelling of Ta-LLZO
4.1

Introduction

Mechanical degradation in the ASSB is expected to reduce ionic conductivity and overall performance of the cell. Mechanical failure at the interface results in contact loss which reduces
percolation paths leading to capacity fade and local non-uniformity in current and strain distribution. This chapter focusses on localized stress and strain development in the Ta-LLZO
SSE using linear elastic FEM modelling to consider the anisotropy of the Ta-LLZO crystal
structure.
The measured material properties and crystal structure provide justification of the modelling of Ta-LLZO in a linear elastic framework. Ta-LLZO exhibits a degree of covalent
bonding which limits dislocation mobility and results in low plastic deformation and brittle
behaviour [58]. The measured fracture toughness of Ta-LLZO, used as a measure of the resistance to fracture that may occur during cell assembly or operation, is 1 MPa m0.5 [19, 58].
In comparison, metals exhibit much higher fracture toughness values on the order of 20 - 100
MPa m0.5 [59].
The polycrystal of Ta-LLZO exhibits heterogeneities in crystallographic orientation, grain
size, and grain morphology. In general, mechanical performance of the polycrystals are influenced by these heterogeneities. Microstructural differences between samples of the same
material contribute to changes in elastic and fracture properties which, in the case of the SSE,
influences the life time performance and cycle life of the ASSB [60].
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Both experimental and numerical works have observed the neighbouring effect indicating a
relationship between neighbouring grain misorientation and crack nucleation and propagation.
Guilhem et al.

[61] used FEM to study stress variations in grains surrounded by stiff or

compliant neighbouring grains, the results of which suggest that grains with high stiffness in
the loading direction have the effect of reducing the strain in the neighbouring environment.
High elastic anisotropy in the single crystal has been shown by Lebenshon et al.

[62] to

result in heterogeneous local strain distribution. Predicting the exact strain distribution within
a polycrystal is critical to predicting the onset of material failure and cycle life. Depending
on the local orientation distribution, high stress concentrations can arise resulting in a lower
fracture strength than expected [63].
This chapter serves the describe the stress and strain development in linearly elastic, polycrystalline Ta-LLZO via numerical FEM performed using ABAQUS. To understand the elastic
anisotropy of the single crystal, a parametric study is performed. A bicrystal study is then carried out to discern how the elastic anisotropy and grain misorientation contribute to local stress
concentrations at the grain boundary. The polycrystal is then modelled with microstructure
derived from the EBSD results of Chapter 3. An analysis of grain orientation, neighbouring
effect, and grain morphology on local stress and strain development is performed.

4.1.1

The Finite Element Method

The finite element method serves as a method to obtain the numerical solution to the boundary
value problem. In reference to engineering problems, the field of interest is generally the
physical structure. The problems that will be considered are generally those to which the
chances of obtaining the exact solution is low. Approximate solutions must then be solved
using numerical techniques for the analysis of complex systems. To obtain the approximate
solution, the finite element method discretizes the domain of interest into subdomains of finite
size. Each subdomain is typically of an elementary shape volume; often these are cuboid,
tetragonal, and wedge shapes in R3 -space. The vertices of each specified subdomain are called
nodes. At the nodes, the value of the field variable is explicitly calculated. These values are
then used to approximate the value of non-nodal points by interpolation of the nodal values.
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For each element, the exterior nodes are connected to the surrounding elements. This ensures
the continuity of the field variable at nodes. The process of dividing the domain into finite
elements is called meshing.
During finite element analysis, convergence of the solution as the mesh is refined is used to
judge the accuracy of the solution. Two main methods exist for mesh refinement; h-refinement
and p-refinement. The former refers to increasing the number of elements in the domain of interest while the latter uses higher order polynomials for interpolation functions. Each method
obtains sequential solutions that converge to the value representing the ”exact” solution. This,
however, does not ensure that the convergence is to the correct solution. The user must evaluate
the solution to determine if the derived variable discontinuities are acceptable, if the physical
laws of the system are satisfied, and the reasonableness of the solution. The refinement represents the reduction of the model from finite to infinitesimal.
There are three general steps for a finite element procedure; preprocessing, solution, and
postprocessing. The preprocessing phase defines the input model. This includes defining the
domain, mesh and element type, material properties, boundary conditions, and loading. Setting
a proper model definition is critical to computing a useful solution. After defining the model,
the solution is computed. This involves the assembly of the governing equations and the calculation of the unknown primary variables. The primary variables can then be back substituted
to determine the secondary variables. Once the desired solutions are found, the results are to
be evaluated during the post processing phase. This requires solution data manipulation for
plotting, sorting, and printing certain solutions. For example, this might include checking the
extreme values of stress and producing colour coded plots of material deformation. This step
is essential for the user to evaluate if the solution is reasonable.
4.1.1.1

Linear Elasticity Description

The generalized Hooke’s law describes the stress-strain relationship in the linear elastic framework by:
σ = C

(4.1)
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where

σ = [σ11 σ22 σ33 σ12 σ13 σ23 ]T

(4.2)

 = [11 22 33 12 13 23 ]T

(4.3)
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C
C
0
0
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11
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C21 C22 C23 0
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0
0 
C31 C32 C33 0
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 0
0
0
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0
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 0
0
0
0 C55 0 


 0
0
0
0
0 C66 

(4.4)

σ is the stress tensor,  is the strain tensor, and C is the stiffness matrix. The components
Ci j (i,j = 1-6) are the elastic components where C11 = C22 = C33 , C12 = C13 = C23 = C21 =
C31 = C32 , C44 = C55 = C66 for the cubic phased Ta-LLZO.
The orientation of a grain in a polycrystal is described in reference to a fixed coordinate
system. The composition of three rotations about the axes of this coordinate system can achieve
all values of three-dimensional rotation space. Most commonly, these rotation are described
as intrinsic, that is, the rotations are with respect to the coordinate system fixed to the rotating
body. The updated rotation axes are denoted a ‘prime’ symbol to reflect the updated coordinate
system. The angles are denoted φ1 , θ, and φ2 in this report, although other denotions have been
used in the literature.
Although any combination of rotation axes can comprise an Euler angle sequence, the most
commonly used is the Bunge Euler notation corresponding to intrinsic rotations about Z-X’-Z’.
The rotation matrices about these axes are provided below:






1


cos φ1 − sin φ1 0


0
0 
cos φ2 − sin φ2 0










Z1 =  sin φ1 cos φ1 0 X = 0 cos θ − sin θ Z2 =  sin φ2 cos φ2 0












0 sin θ cos θ
0
0
1
0
0
1

(4.5)
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The full Euler angle matrix, α, for the three rotations is the matrix product of the three
rotation matrices:



cos φ1 cos φ2 − sin φ1 cos θ sin φ2 − cos φ1 sin φ2 − sin φ1 cos θ cos φ2 sin φ1 sin θ 




α = sin φ1 cos φ2 + cos φ1 cos θ sin φ2 − sin φ1 sin φ2 − cos φ1 cos θ cos φ2 − cos φ1 sin θ




sin θ sin φ2
sin θ cos φ2
cos θ
(4.6)
Matrix α serves as the rotation matrix which translates the orientation of the crystal with
respect to the global coordinate. First order tensors can be rotated by v0 = αv. Corresponding
to the rotation of the crystal, any anisotropic material properties must also be rotated in the
same way.
Figure 4.1 illustrates the coordinate system rotations from the Bunge Euler sequence. Due
to the symmetry of the cubic crystal coordinate system, only two rotation are required to reach
all of orientation space. They include the ranges of 0◦ ≤ φ1 ≤ 45◦ and 0◦ ≤ θ ≤ 35.26◦ . The
justification for these constraints is provided in Figure 4.2.

Figure 4.1: Illustration of the proper intrinsic Euler angle rotation convention in Bunge notation
[64].

In a similar method to the 3x3 rotation matrix, the 6x6 stiffness tensor in Voigt notation can
be found in the global coordinate system by using the appropriate 6x6 rotation matrices. For
the Z-X-Z rotation sequence, the rotation matrices are as follows:
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Figure 4.2: Euler angles corresponding to [110] and [111] crystal faces from a [100] origin.
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(4.7)

(4.8)
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0
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(4.9)

If α = Z1 XZ2 , then the 6x6 tensor can be transformed by C 0 = αCαT where α is the rotation
matrix and C0 is the rotated stiffness matrix.

4.1.2

Implementation of EBSD data into the Finite Element Model

The meshing procedure for EBSD data to an ABAQUS input file with material properties and
orientation information can be semi-automated using Matlab, MTEX, and Gmsh. While some
simplified procedures exist to mesh the EBSD pattern to ABAQUS, they employ brick elements
which perform poorly in representing the true geometries of grain boundaries. To better match
the grain geometries, a wedge type element is used. To do this, the cleaned EBSD data and
grain geometries are calculated using MTEX [52, 51]. The Matlab add-on MTEX2Gmsh [65]
is used to create an orphan mesh; that is, a mesh without geometry, which can be modified
within the ABAQUS CAE. Gmsh allows the user to define the extrusion thickness, element
size, element type, and intragrain element size gradient. After importing the orphan mesh into
the ABAQUS CAE, grain properties including each grains orientation are implemented using
the ABAQUS plug-in ‘MTEX2Abaqus’ [65]. Subsequent mesh refinement can be performed
through the generation of a new orphan mesh by Gmsh.

4.1.3

Assigning a random grain texture

For polycrystalline models, an artificial texture can be implemented for modelling. By doing
this, a variety of material textures can be evaluated for parameters such as localized and average
stress development, mass diffusion rates, and mass localization. This provides insight regarding

Chapter 4. Micromechanical Modelling of Ta-LLZO

60

how texture can influence material failure, mass deposition, and ionic conduction. Subsequent
efforts in material texture optimization can utilize this data.
Assigning grain orientation is preformed in the input file. A Matlab script is developed
that utilizes the Matlab toolbox MTEX. MTEX is used to generate the desired pole figure data
for the requested texture. The user specifies the number of grains in the model and MTEX
generates an orientation list that satisfies the pole figure. The orientation values are provided
in terms of Bunge Euler angles, specifying the rotation about the axis of a coordinate system
fixed to the rotating body. The Euler angles are assigned to the ABAQUS input file where the
simulation can then be run.

4.2

Results and Discussion

For each of these studies in this section, the model is subjected to uniaxial loading as a representation of what the SSE is subject to during cell cycling. The boundary and loading conditions
for each model are set identically and match the work of Fallahi et al. [66]. In modelling the
SSE which serves as a conduction medium rather than a lithium host compound, explicit calculation of mass concentration and diffusion is omitted. Instead, loading conditions are applied
to the SSE corresponding to the chemical expansion / contraction of the electrode materials
which adjoin the SSE. To estimate an appropriate strain to apply for loading, take for example
the commonly used anode material, graphite. Harris et al. observed by digital image correlation that the graphite experiences an average strain of 0.2% during lithiation due to a reduction
in electrode porosity. Cathode materials generally exhibit chemical expansions lower than anode materials. During battery discharge, the simultaneous delithiation and contraction of the
anode and the lithiation and expansion of the cathode lead to an estimated tensile strain on the
order of 0.1%.
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Single Crystal Studies

For the assessment of the Ta-LLZO electrolyte in regards to its mechanical stress development, a single crystal parametric study is preformed. The compliance tensor utilized originates
from density functional theory calculations. For the Tantalum doped, cubic LLZO, the elastic
parameters are as follows: [53]
C11 = 169.8 GPa
C12 = 63.9 GPa
C44 = 69.8 GPa
These elastic parameters were verified from experimentally derived force-displacement
curves from single-crystal indentation studies. (Appendix C). For the parametric study, a
cubic grain is modelled with displacement boundary conditions set such that U1 = 0 on the
left-most surface perpendicular to the x-axis and U2 = U3 = 0 on the bottom left edge. A
displacement boundary condition is applied on the right-most surface such that a 0.1% tensile
strain is applied linearly over the step time (Fig. 4.3). The FEM solver calculates the stress
at each integration point which is then used to calculate the average stress for the grain. This
process is repeated for each unique rotation angle by 5° increments to probe the relevant rotational space. Euler angles for the cubic crystal symmetry are restricted to the region defined
by Φ1 = 0°, 0° ≤ θ ≤ 35.26° , and 0° ≤ Φ2 ≤ 45° to remove redundant points originating from
cubic crystal symmetry. The resulting normalized elastic moduli relative to the [100]-direction
stiffness is presented as an inverse pole figure (Fig. 4.1). It was calculated that loading in the
[111] direction produces a normalized stiffness of 1.22 and loading in the [110] direction is
calculated to be 1.16, indicating stiffer mechanical response in the [111] direction.
This type of parametric analysis serves to demonstrate the effect of anisotropy in the stiffness matrix in the direction of loading. As was experimentally demonstrated in Chapter 3,
non-random microstructural texturing exists for Ta-LLZO. Stress development within the SSE
will therefore be related to the loading direction in relation to this texturing.
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Figure 4.3: Monocrystalline SSE showing A) XY plane with boundary and loading conditions indicated, and B) YZ plane with boundary conditions indicated. The colours of the
boundary condition arrows indicate the axis of which the displacement is set to zero.
C) illustrates the model representation of the single crystal.

Figure 4.4: Normalized elastic stiffness for Ta-LLZO.
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Bicrystalline Stress

Anisotropy in elastic properties leads to inhomogeneous stress distributions which play a critical role in the initiation and propagation of failure sites. At the grain boundary of bicrystals, the
deformation of each grain must be equal to maintain compatibility. This compatibility results
in stress and strain localization. Stress concentration is dependent on the stiffness matrix and
the grain orientation. For the Ta-LLZO single crystal, it was shown for the single crystal that
the highest elastic stiffness is along the <111> directions and the lowest elastic stiffness is along
the <100> directions. A mid-level stiffness corresponds to the < 110 > direction.
Three bicrystals are evaluated having crystallographic orientations [100]-[110], [100]-[111],
and [110]-[111] where each of the crystal planes are aligned with the x-axis (loading axis) of
the model. They are designated the names Model I, Model II, and Model III, respectively and
are provided in Table 4.1. These orientations serve as the bounds of orientation space for a
Ta-LLZO cubic phase crystal and will therefore be evaluated to understand the magnitude of
stress development at the grain boundary of the bicrystal.
The grain boundary is considered for each model with respect to their orientation relative to
the tensile axis. The grain boundary model is perpendicular to the tensile axis and is illustrated
in Figures 4.5. At the grain boundary, a fine mesh was used. The model consist of 8-node linear
brick C3D8R elements. A uniform tensile load along the x-axis was applied on the right-most
surface such that a total strain of 0.1% was applied on the bicrystal (Fig. 4.5A/B). Boundary
conditions are applied such that U1 = 0 on the left-most surface perpendicular to the x-axis
and U2 = U3 = 0 on the bottom left edge. Stress values are taken from the paths indicated in
Figure 4.5B which are running through the center of the bicrystal along the x-axis.
Table 4.1: Bicrystalline model descriptions of the crystallographic directions oriented parallel to
the loading axis for each grain of the bicrystal.

Grain A

Grain B

Model I

<100>

<110>

Model II

<100>

<111>

Model III

<110>

<111>
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Figure 4.5: Bicrystalline model of the grain boundary. Sub figures A) and B) illustrate the loading
and boundary conditions. The colours of the boundary condition arrows indicate the
axis of which the displacement is set to zero. Sub figure C) shows the data collection
paths, and D) shows the FEM input model.

The misorientation of Grains A and B leads to a stress state that can be studied by introducing a stress concentration factor, λ, as
λ=

actual stress
average absolute stress along path

(4.10)

The actual and average absolute stresses are provided by the paths shown in Figure 4.5C. For
path 2 which runs along the grain boundary, the values for each grain were averaged at the
centroid of each element to minimize the distance to the grain boundary [66]. Both grains
therefore have a path 2 located as close as possible to the grain boundary and the average
absolute stress is calculated using data from path 2 of both grains.
A stress difference coefficient is introduced as
κ=

σB
σA

(4.11)

where σA is the stress in grain A and σB is the stress in grain B.
Figure 4.6 shows the Mises stress concentration factor along Path 2. The grain with a more
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compliant orientation in the tensile direction has the lower Mises stress. The maximum value
of λ occurs for Model II where grain B reaches a value of 1.074 and grain A reaches a value
of 0.926. The heterogeneity in crystallographic orientation of adjacent grains leads to stress
concentration at the grain boundary. The grain of greatest stiffness in the tensile direction
develops the highest stress. The highest Mises stress occurs when the grain stiffness difference
is greatest which corresponds to Model II.

Figure 4.6: Mises stress concentration factor along Path 2 which is located on the grain boundary.

To understand the magnitude of stress development at the grain boundary relative to the
bulk, path 1 is investigated. Figures 4.7, 4.8, and 4.9 show the values of λ and κ for models I, II,
and III, respectively. The Mises stress concentration factor shown in these figures demonstrate
grain boundary stress concentration equal to 1.059, 1.074, and 1.020 for grain B of models I,
II, and III, respectively. The values converge to a value of 1 away from the grain boundary. As
the elastic modulus difference between grains is lowest in model III, the stress concentration
factor and the stress difference coefficients at the grain boundary are the lowest.
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Figure 4.7: Stress concentration factor and stress difference coefficients for grains A and B of
model I and grain boundary type 1.

Figure 4.8: Stress concentration factor and stress difference coefficients for grains A and B of
model II and grain boundary type 1.
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Figure 4.9: Stress concentration factor and stress difference coefficients for grains A and B of
model III and grain boundary type 1.

4.2.2.1

Serial Spring Analogy

An analogy can be drawn between the grain boundary and the serial spring systems. Figure
4.10 depicts the serial spring system, analogous to grain boundary. The serial spring system
exhibits the same stress on both springs when uniaxially loaded. Such properties are observed
in grain boundary in the grain body where

σB
σA

tends toward a value of 1. Upon loading the

parallel spring system, the strain of each spring is the same. When this occurs, the spring of
greater elastic stiffness will develop high stress compared to the spring of lower elastic stiffness.

Figure 4.10: Spring system analogous to the bicrystalline model.

Chapter 4. Micromechanical Modelling of Ta-LLZO

4.2.3

68

Polycrystalline Modelling

The previous two sections serve to demonstrate the elastic anisotropy in the single crystal of TaLLZO and the localization of stress and strain at the grain boundary. To assess the development
of stress and strain at the grain level, the model representations of the polycrystals for Sample
1 and Sample 2 are subjected to uniaxial tensile loading for a total strain of 0.1% in the x-axis.
Boundary conditions are set identically to the bicrystalline models. Both models consist of
6-noded linear wedge C3D6 elements which are refined close to the grain boundaries for each
grain. Figure 4.11A and 4.12A shows the FEM models used to represent the microstructure of
Sample 1 and Sample 2, respectively. The dimensions of each model match that of the collected
EBSD pattern with an extrusion depth of 20 µm to form a pseudo-3D model. This makes
the dimensions for the representative model of Sample 1, 170 µm x 90 µm x 20 µm which
represents a total of 182 grains, and the dimensions of the representative model of Sample 2,
300 µm x 300 µm x 20 µm which represents a total of 1138 grains. The misorientation threshold
by which grains are defined in the reconstructed microstructure for modelling is set at 5o for
both samples. This threshold was determined by manual estimates of the grain area density by
SEM imaging. The average grain area density estimates by SEM for Sample 1 and Sample 2
obtained from several regions on the sample surface and the grain area density corresponding
to the 5o misorientation threshold are provided in Table 4.2. The grain area density values
determined by both estimates are in good agreement.
Table 4.2: Grain area density values estimated from SEM surface images and a 5o misorientation
threshold for Sample 1 and Sample 2.

SEM (grains/µm2 )

5o threshold (grains/µm2 )

Sample 1

0.0120±0.0003

0.0119

Sample 2

0.0121±0.0005

0.0126

Stress and strain matrices are output for each integration point following the loading. The
grain averaged stress and strain states are then calculated using the integration point volume
weighted average. Components x and y are taken while neglecting component z due to the
representative microstructure data being two-dimensional.
The crystallographic orientation of each grain in reference to the loading axis is presented
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in Figure 4.11B and 4.12B respectively for Sample 1 and Sample 2. The corresponding Mises
stress, σ12 , σ11 , and σ22 field maps are also provided. In general, it can be observed that those
grains with stiffer orientations will develop higher stresses which is consistent with the single
and bicrystalline models. Figures 4.13 and 4.14 plot the grain averaged stress and strain states
for Sample 1 and Sample 2 with respect to their apparent Young’s modulus in the loading axis.
This apparent Young’s modulus refers to the C11 component of a grains stiffness tensor in the
global coordinate system. These results show scattering in the stress and strain for grains of the
same orientation. The scattering is thought to be the result of each grains local environment.
This idea is explored further in the subsequent section where each grains local environment is
homogenized to discount the explicit variations of the surrounding grain orientations to identify
the role of the ‘neighbourhood’ effect.
The maximum value of local σ11 is 20.3% and 24.3% greater than the average σ11 for Sample 1 and Sample 2, respectively. Maximum local 11 values reach 19.6% and 22.9% greater
than the average for Sample 1 and Sample 2. Concentrations of stress and strain occur primarily
at grain boundary regions and is consistent with the bicrystalline model. Stress concentrations
develop most often at triple or multiple points when small grains meet larger grains which may
be the result of localized elastic mismatch between grains.
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Figure 4.11: FEM model and results of Sample 1. A) Model representation indicating model mesh.
Colours serve to differentiate grains. B) Grain map of FEM model with colours
corresponding to the inverse pole figure colour map provided with respect to the Xaxis. C) Model results for Mises stress (MPa), D) σ12 model results (MPa), E) σ11
model results (MPa), F) σ22 model results (MPa).
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Figure 4.12: FEM model and results of Sample 2. A) Model representation indicating model mesh.
Colours serve to differentiate grains. B) Grain map of FEM model with colours
corresponding to the inverse pole figure colour map provided with respect to the Xaxis. C) Model results for Mises stress (MPa), D) σ12 model results (MPa), E) σ11
model results (MPa), F) σ22 model results (MPa).
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Figure 4.13: Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for the
model representing Sample 1 plotted with respect to the grain stiffness in the loading
direction.

Figure 4.14: Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for the
model representing Sample 2 plotted with respect to the grain stiffness in the loading
direction.
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Neighbourhood Effect on the Grain Averaged State of the Polycrystal

In this section, the neighbourhood effect is studied. The neighbourhood effect will be defined
as the difference between the grain mean strain tensor for the grain in a heterogeneous environment and the mean strain tensor for the same grain in a homogenized environment. To
establish the neighbourhood effect for Ta-LLZO, a homogenization scheme is used where the
grain of interest is assigned its true elastic stiffness and measured orientation properties and
all other grains are assigned the Voigt specimen effective stiffness tensor as derived in Section
3.4.2. This procedure is repeated for all grains in the model resulting in a total of n+1 models
for each microstructure where n is the total number of grains. Figure 4.15 serves to illustrate
an example of the homogenization scheme where one grain is assigned its measured orientation and single crystal stiffness matrix while the surrounding medium is assigned homogenized
properties of the Voigt specimen effective stiffness tensor.
Figures 4.16 and 4.17 plot the grain averaged strain and stress for Sample 1 and Sample
2, respectively, for both the polycrystal and the homogenized models. Grain averaged stress
and strain of both samples are significantly smoothed for the homogenized model compared
to the polycrystal. This can be explained by the dependence of the grain averaged stress and
strain for the homogenized models on only the grain orientation and the Voigt average sample
elastic properties. The difference between the two models lie in the explicitly defined variations in the neighbouring grains crystallographic orientations. For a specific grain orientation,
it is observed that the σ11 can vary by approximately ± 8 MPa in both samples. For the homogenized model, the maximum and minimum values in the entire range of apparent Young’s
modulus, which represents orientation-dependent stress variation, is 163 MPa and 146 MPa
for Sample 1 and 163 MPa and 145 MPa for Sample 2. This leads to 156±8 MPa for Sample 1 and 156±8.5 MPa for Sample 2. Since the amplitude of stress variations are alike, it
is concluded that the grain orientational effect on the grain averaged stress is the same as the
neighbourhood effect. In addition, it is observed in the polycrystalline model that some grains
with low Young’s modulus can exhibit a higher grain averaged stress compared to a grain of
high apparent Young’s modulus. Such an observation is not found for the homogenized models
leading to the conclusion that the neighbourhood effect can result in high stress that would not
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otherwise be expected for these low apparent Young’s modulus grains.
Figures 4.18 and 4.19 along with Table 4.5 show the differences in the stress and strain
components due to the neighbourhood effect. The differences approximately follow a normal
distribution with a mean close to zero however the differences between the models can reach
up to 10.7% and 15.3% of the total applied strain for Sample 1 and Sample 2, respectively.
These differences can lead to early crack nucleation in the grain, reducing the SSE lifetime.

Figure 4.15: Example of homogenization scheme where Grain 836, identified in blue, is surrounded by the homogenized matrix, coloured in beige.
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Figure 4.16: Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for the
model representing Sample 1 plotted with respect to the grain stiffness in the loading
direction. These are plotted for both polycrystalline (heterogeneous) and homogenized grain models.

Figure 4.17: Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for the
model representing Sample 2 plotted with respect to the grain stiffness in the loading
direction. These are plotted for both polycrystalline (heterogeneous) and homogenized grain models.

Minimum

Maximum

Standard
Deviation

Mean

Heterogeneous
Homogeneous
Heterogeneous
Homogeneous
Heterogeneous
Homogeneous
Heterogeneous
Homogeneous

Sample 1
22
-2.41x10−4
-2.43x10−4
3.50x10−5
2.95x10−5
-1.31x10−4
-1.82x10−4
-3.32x10−4
-2.97x10−4
12
-1.18x10−5
-4.53x10−6
7.11x10−5
6.23x10−5
1.51x10−4
1.29x10−4
-1.69x10−4
-1.45x10−4

11
1.01x10−3
1.01x10−3
4.20x10−5
3.43x10−5
1.13x10−3
1.10x10−3
8.83x10−4
9.51x10−4

Sample 2
22
-2.39x10−4
-2.40x10−4
3.73x10−5
2.92x10−5
-1.34x10−4
-1.74x10−4
-3.42x10−4
-2.98x10−4
12
-5.67x10−6
-6.93x10−6
6.71x10−5
5.87x10−5
1.74x10−4
1.43x10−4
-1.74x10−4
-1.34x10−4

Heterogeneous
Homogeneous
Heterogeneous
Homogeneous
Heterogeneous
Homogeneous
Heterogeneous
Homogeneous

σ11 (MPa)
1.56x102
1.56x102
6.26
3.17
1.81x102
1.63x102
1.37x102
1.46x102

Sample 1
σ22 (MPa)
1.63x10−1
3.76x10−1
4.42
2.20
1.27x101
5.19
-1.08x101
-4.89
σ12 (MPa)
-3.66x10−1
8.65x10−2
2.69
2.16
6.56
4.89
-7.84
-4.87

σ11 (MPa)
1.56x102
1.56x102
5.43
3.14
1.79x102
1.63x102
1.35x102
1.45x102

Sample 2
σ22 (MPa)
3.43x10−1
4.93x10−1
4.43
2.27
1.54x101
7.65
-1.66x101
-6.34

σ12 (MPa)
-4.62x10−2
-4.88x10−2
2.80
2.15
7.38
5.25
-9.25
-5.20

Table 4.4: Grain averaged stress statistics of the polycrystal and homogenized models representing Sample 1 and Sample 2.

Minimum

Maximum

Standard
Deviation

Mean

11
1.01x10−3
1.01x10−3
4.90x10−5
3.45x10−5
1.14x10−3
1.10x10−3
8.73x10−4
9.52x10−4

Table 4.3: Grain averaged strain statistics of the polycrystal and homogenized models representing Sample 1 and Sample 2.
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Figure 4.18: Distributions of the difference between polycrystalline and homogeneous grain averaged values for Sample 1 for A) strain in the 11, 22, and 12 directions, and B) stress
in the 11, 22, and 12 directions.

Figure 4.19: Distributions of the difference between polycrystalline and homogeneous grain averaged values for Sample 2 for A) strain in the 11, 22, and 12 directions, and B)
stress in the 11, 22, and 12 directions. Superscript ‘g’ indicates the grain-by-grain
comparison.

Mean of
g
g
 poly,i
j − homo,i j
Standard Deviation of
g
g
 poly,i
j − homo,i j
Root-Sum-Squared of
g
g
 poly,i
j − homo,i j
Maximum of
g
g
| poly,i
j − homo,i j |
Mean of
g
σ poly,i j − σghomo,i j
Standard Deviation of
σgpoly,i j − σghomo,i j
Root-Sum-Squared of
σgpoly,i j − σghomo,i j
Maximum of
|σgpoly,i j − σghomo,i j |
1.60x10−6
1.90x10−5
2.57x10−4
6.84x10−5
-2.13x10−1
3.91
5.26x101
1.57x101

9.01x10−8
3.19x10−5
4.30x10−4
1.07x10−4
-4.79x10−1
5.65
7.62x101
2.09x101

11

Sample 1
22

5.64x100

2.57x101

1.85

-4.53x10−1

8.90x10−5

4.16x10−4

3.01x10−5

-7.31x10−6

12

2.77x101

1.68x102

4.95

-5.17x10−1

1.53x10−4

1.19x10−3

3.52x10−5

-2.53x10−6

11

1.80x101

1.45x102

4.28

-1.50x10−1

1.29x10−4

1.01x10−3

3.00x10−5

1.14x10−6

Sample 2
22

1.05x101

7.97x101

2.36

2.55x10−3

2.32x10−4

1.70x10−3

5.05x10−5

1.26x10−6

12

Table 4.5: Grain averaged statistics of the difference between polycrystalline and homogenized models representing Sample 1 and Sample 2
in the 11, 22, and 12 directions.
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Texture Effect on the Grain Averaged State of the Polycrystal

As previously discussed, Sample 1 and Sample 2 exhibit microstructural texturing favouring
specific orientations. To examine the role this texturing may serve in the development of granular straining, random crystallographic orientations are assigned to the grains of Sample 1 and
Sample 2. Identical loading and boundary conditions are applied to these models as in the
previous section. Figure 4.20 shows the grain averaged strains and stresses of Sample 1 for
components 11, 22, and 12 for theses randomly oriented samples overlayed with the results
from the models having the measured, real texture. Similarly, Figure 4.21 shows the grain
averaged strains and stresses of Sample 2 for components 11, 22, and 12 for theses randomly
oriented samples overlayed with the results from the models having the measured, real texture.

Figure 4.20: Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for the
model representing Sample 1 plotted with respect to the grain stiffness in the loading
direction. These are plotted for both as-measured grain orientations and randomly
assigned grain orientations.
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Figure 4.21: Grain averaged A) strain, and B) stress in the 11, 22, and 12 components for the
model representing Sample 2 plotted with respect to the grain stiffness in the loading
direction. These are plotted for both as-measured grain orientations and randomly
assigned grain orientations.

Tables 4.6 and 4.7 outline the mean, standard deviation, and maximum and minimum strain
and stress values respectively for both models of measured and random orientations. The
stronger texturing of Sample 1 relative to Sample 2 indicates tha the difference between measured and random orientations for Sample 1 should be greater than the difference between
measured and random orientations for Sample 2. Such a difference is observed in the standard
deviation of the grain averaged 11 and σ11 components. Sample 1 exhibits a percent difference
of 21% and 24% for 11 and σ11 components respectively while Sample 2 has a difference of
4.4% and 4.1% respectively. The differences in stress and strain distributions demonstrate how
the texture, which arises from differences in initial particle size distributions, will influence the
material state and therefore the lifetime performance of the material.

Measured
Random
Measured
Random
Measured
Random
Measured
Random

Sample 1
22
-2.41x10−4
-2.35x10−4
3.50x10−5
3.60x10−5
-1.31x10−4
-1.58x10−4
-3.32x10−4
-3.30x10−4
12
-1.18x10−5
1.43x10−5
7.11x10−5
6.92x10−5
1.51x10−4
1.75x10−4
-1.69x10−4
-1.54x10−4

11
1.01x10−3
1.00x10−3
4.20x10−5
4.39x10−5
1.13x10−3
1.14x10−3
8.83x10−4
8.85x10−4

Sample 2
22
-2.39x10−4
-2.42x10−4
3.73x10−5
3.73x10−5
-1.34x10−4
-1.42x10−4
-3.42x10−4
-3.52x10−4
12
-5.67x10−6
1.80x10−6
6.71x10−5
6.92x10−5
1.74x10−4
1.74x10−4
-1.74x10−4
-1.67x10−4

Minimum

Maximum

Standard
Deviation

Mean

Measured
Random
Measured
Random
Measured
Random
Measured
Random

σ11 (MPa)
1.56x102
1.56x102
6.26
4.91
1.81x102
1.69x102
1.37x102
1.41x102

Sample 1
σ22 (MPa)
1.63x10−1
-2.42x10−1
4.42
4.32
1.27x101
1.45x101
-1.08x101
-1.29x101
σ12 (MPa)
-3.66x10−1
3.66x10−1
2.69
2.72
6.56
6.56
-7.84
-6.78

σ11 (MPa)
1.56x102
1.55x102
5.43
5.66
1.79x102
1.73x102
1.35x102
1.37x102

Sample 2
σ22 (MPa)
3.43x10−1
-3.12x10−1
4.43
4.63
1.54x101
1.49x101
-1.66x101
-1.87x101

σ12 (MPa)
-4.62x10−2
2.03x10−1
2.80
2.85
7.38
9.22
-9.25
-8.04

Table 4.7: Grain averaged stress statistics of the measured and random orientations for models representing Sample 1 and Sample 2.

Minimum

Maximum

Standard
Deviation

Mean

11
1.01x10−3
1.00x10−3
4.90x10−5
3.97x10−5
1.14x10−3
1.12x10−3
8.73x10−4
8.91x10−4

Table 4.6: Grain averaged strain statistics of the measured and random orientations for models representing Sample 1 and Sample 2.
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Grain Morphology Effect on the Grain Averaged and Local State of the Polycrystal

The morphology of a grain in the polycrystal can play a significant role in grain deformation.
Changes in the grain shape leads to differences of micromechanical fields in the model. To
assess the effects of grain morphology, a cuboid-based grain model is evaluated. The cuboid
model consists of 1024 grains of identical size and shape (10 µm × 10 µm × 20 µm) arranged
in a 32x32x1 grid (Fig. 4.22A). Each grain is composed of 54 (3x3x6) C3D8 elements. The
model dimensions and number of grains follow closely to the representative model of Sample
2. Grains of the cuboid model were assigned the same orientations as the measured orientations
of Sample 2. Grains 1 - 1024 of the cuboid model were assigned identically to the measured
orientations of grains 1 - 1024 of Sample 2. This allows for direct comparison of the grain
averaged state between the cuboid model grains and the grains of the model representation
of Sample 2. Table 4.8 lists the grain averaged mean, standard deviation, maximum, and
minimum values in the 11, 22, and 12 components for the cuboid model. The values in Table
4.9 result from the grain-by-grain difference in grain averaged state between the grains of
Sample 2 and the grains of the cuboid model. The mean, root-sum-squared, standard deviation,
and maximum difference values between the grains of the cuboid and Sample 2 models are
listed in this table (Table 4.9). Grains 1025 - 1138 of Sample 2 have no counterpart in the
cuboid model and are therefore not involved in the values provided in Table 4.9 or in Figure
4.25.

Chapter 4. Micromechanical Modelling of Ta-LLZO

83

Figure 4.22: FEM model representation of the artificial microstructure and results. A) Model
representation. Each square represents a grain of the model. B) Model results for
Mises stress (MPa), C) σ12 model results (MPa), D) σ11 model results (MPa), E) σ22
model results (MPa).
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Changes in grain morphology alters the interaction with neighbouring grains and therefore
influences the neighbourhood effect. Figure 4.23 demonstrates how neighbouring grain interaction angle influences the interaction stiffness of the elastically anisotropic Ta-LLZO. Each
cuboid grain has grain boundaries either parallel or perpendicular to the tensile loading axis.
This means the only relevant elastic stiffness for a particular grain is at 0o and 90o in the XYplane (refer to the x-axis of the plots in Figure 4.23). Central, edge, and corner grains have four,
three, and two nearest neighbour grains respectively for an average of 3.875 nearest neighbour
grains. The model of Sample 2 has an average of 5.75 nearest neighbour grains.

Figure 4.23: Elastic stiffness plots as a function of interaction / loading direction on a grain. Each
line indicates a twist angle about the loading axis in the ZY-plane. Each plot represents a difference crystallographic direction in the loading axis as indicated. Figures below each plot indicates the same data as represented by a pole figure. The
<100 >direction exhibits 8-fold twist angle symmetry about the loading axis, the <110
>direction has 4-fold symmetry about the loading axis, and the <111 >direction exhibits 6-fold symmetry about the loading axis. The colour bar indicates the effective
Young’s modulus in GPa.
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Comparing Figures 4.12 and 4.22, it is observed that greater maximum values of localized
stress are obtained for the realistic microstructure of Sample 2 compared to those of the cuboid
model. An increase of 10.8% in the predicted maximum localized Mises stress and an increase
of 7.1% in the predicted maximum localized σ11 is observed for the realistic microstructure
compared to the cuboid model. Irregular grain boundaries, grain size variation, and differences
in the number of neghbouring grains are prevalent in the realistic microstructure in contrast
to the regularity of the cuboid microstructure which may explain the disparity. It is therefore
important to consider the realistic microstructure for simulation of the local response of the
material as the artificial microstructure can result in a misleading prediction of localized elastic
response even when the global stress and strain behaviour is adequately predicted.

Figure 4.24: Grain averaged strain in the 11, 22, and 12 components for the cuboid microstructure
plotted with respect to the grain stiffness in the loading direction.
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Table 4.8: Grain averaged strain and stress statistics of the cuboid polycrystal model.

Global Coordinate
11

22

12

1.00x10−3

-2.41x10−4

-3.18x10−7

4.11x10−5

3.26x10−5

6.87x10−5

Maximum

1.14x10−3

-1.54x10−4

1.58x10−4

Minimum

9.11x10−4

-3.28x10−4

-1.83x10−4

Mean

1.55x102

6.75x10−6

4.94x10−5

4.72

3.57

2.24

Maximum

1.67x102

1.09x101

6.66

Minimum

1.39x102

-1.22x101

-6.38

Mean
Standard
Strain
Deviation

Standard
Stress (MPa)
Deviation

Figure 4.25: Distributions of the difference between polycrystalline Sample 2 and the cuboidal
grain averaged values for A) strain in the 11, 22, and 12 directions, and B) stress in
the 11, 22, and 12 directions.
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Table 4.9: Grain averaged strain and stress difference statistics between the cuboid polycrystal
g
g
g
model and the model representation of Sample 2 (S ample2,i j − Cuboid,i j ; σS ample2,i j −
g
σCuboid,i j ). Values in this table originate from the normal distribution fitting from Figure 4.25.

Global Coordinate

Mean of
Sg ample2,i j
Strain

−

g
Cuboid,i
j

Root-Sum-Squared of
Sg ample2,i j

−

g
Cuboid,i
j

Standard Deviation of
Sg ample2,i j

−

g
Cuboid,i
j

Maximum of
|Sg ample2,i j

−

g
Cuboid,i
j|

Mean of
σgS ample2,i j
Stress (MPa)

−

g
σCuboid,i
j

Root-Sum-Squared of
σgS ample2,i j

−

g
σCuboid,i
j

Standard Deviation of
g
σgS ample2,i j − σCuboid,i
j

Maximum of
|σgS ample2,i j

−

g
σCuboid,i
j|

11

22

12

4.77x10−7

2.92x10−6

-1.87x10−6

1.08x10−3

9.52x10−4

1.35x10−3

3.37x10−5

2.96x10−5

4.21x10−5

1.65x10−4

1.74x10−4

1.96x10−4

3.14x10−1

4.03x10−1

-1.14x10−1

1.79x102

1.61x102

7.78x101

5.60

5.02

2.43

1.82x101

1.75x101

8.97

While each grain in the model of Sample 2 and the cuboid model have the same crystallographic orientation, the orientations of the neighbouring grains differ which will introduce a
neighbourhood effect. This means the grain averaged stress and strain differences is influenced
by both grain morphology and neighbourhood effects. To determine the contribution of grain
morphology to the stress and strain difference statistics, Tables 4.5 and 4.9 are examined. The
standard deviation of the grain averaged stress difference appears greater in Table 4.9 compared
to Table 4.5. The standard deviation values of Table 4.5 are contributed only to the neighbourhood effect while the standard deviation values of Table 4.9 result from both the neighbourhood
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effect and grain morphology. The differences in standard deviation between these two tables
are therefore attributed to grain morphology which further demonstrates the importance of
considering the realistic microstructure when modelling polycrystalline Ta-LLZO.
4.2.3.4

Influence of Porosity on Material Stress Distribution

The model results described so far assume a relative density of 100%. It is evident from SEM
images that a degree of porosity exists for the material (Figure 3.9A and 3.10A). Within the
literature, reported relative density values exist in the range of 85%-98%. The influence of this
porosity on localized stress and strain concentrations is therefore studied.
It is not possible to confirm that unindexed points correspond to material voids and therefore to assess the influence of porosity, grains were selected at random. The total area of the
selected grains match that of the desired relative density (RD). The selected grains were assigned compliant elastic properties (1MPa; isotropic) to represent a pore. This was repeated
a total of 100 times and the histogram values represent the 100 model average with standard
deviation indicated. The values in the histogram are only of Ta-LLZO grains and not ‘pore’
grains. This was repeated for 80%, 85%, 90%, 95%, and 98% RD and also included the
100% RD distribution for comparison. This range covers the majority of densities measured
by various sintering methods. An example of the material assignment procedure is provided in
Figure 4.26 where ‘pore’ grains are removed. Figure 4.27 shows the area fraction Mises stress
distribution for a sample containing a random pore distribution.

Chapter 4. Micromechanical Modelling of Ta-LLZO

89

Figure 4.26: Example results model of a 90% RD sample indicating the process used for evaluating porosity in Ta-LLZO. White regions indicate pores. The colour bar indicates
Mises stress in MPa.

Figure 4.27: Histogram of Mises stress distribution (MPa) and the corresponding area fraction
for RD values 80%, 85%, 90%, 95%, 98%, and 100%. Bar height and error bars
represent the 100 model mean and standard deviation, respectively.
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As material RD values are reduced, the average value of Mises stress is also observed to be
lower while the stress distribution becomes larger. Based on a crack size of 4µm and a fracture
toughness of 1 MPa m0.5 , Wolfenstine et al. predict a fracture stress, σ f , of 280 MPa for LLZO
[58]. There exist several methods to assess material failure. Following the method of Yu et
al. [35], the predicted fracture stress value is used to evaluate the relative area of the material
which have a Mises stress exceeding the fracture stress. It is found that the material RD is
inversely proportional to the relative area having Mises stress greater than the fracture stress
(Table 4.10). Stress concentrations occur primarily at pore sites as illustrated in Figure 4.28.
Table 4.10: Predicted sample area percentage with σ Mises exceeding the σ f estimated from
Wolfenstine et al. [58] for each of the modelled RD values.

Relative Density

Percent area σ Mises > σ f (280 MPa)

80%

0.84%

85%

0.83%

90%

0.68%

95%

0.40%

98%

0.18%

100%

0.00%

Figure 4.28: Example model demonstrating the location where σ Mises exceeds the σ f estimated
from Wolfenstine et al. [58] (in red). Green material is of Ta-LLZO and beige material are pores.
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Conclusions

The model representations of Sample 1 and Sample 2 are evaluated in a linear elastic framework using FEM. To evaluate the extent of elastic anisotropy in the single crystal, a single
crystal parametric study is performed which concluded Eh111i > Eh110i > Eh100i and

Eh111i
Eh100i

=

E

1.22, Eh110i
= 1.16. A bicrystal model is then performed to assess to elastic response at the grain
h100i
boundary due to elastic anisotropy in Ta-LLZO. Results show the stress state near the grain
boundary strongly depends on the grain orientation. When the grain boundary lies perpendicular to the tensile axis, stress concentrations develop on the grain boundary of the grain having
greater stiffness in the loading direction. The stress concentration difference between grains is
proportional to the difference in stiffness between the neighbouring grains.
Polycrystalline Ta-LLZO models of Sample 1 and Sample 2 were evaluated and an analysis
of orientation distribution, grain morphology, and neighbourhood effect was performed. Grains
with stiff crystallographic orientation parallel to the loading axis generally developed stress
that was higher than those grains with compliant orientation parallel to the loading axis. An
analysis of the neighbourhood effect shows that a grain neighbourhood can have a significant
effect on a grains stress and strain level with the grain orientation and grain neighbourhood
having a similar influence. It was observed that the grain neighbourhood can influence the
grain averaged strain by up to 10.7% and 15.3% of the total applied strain for Sample 1 and
Sample 2, respectively. The morphology of grains was also found to influence the stress and
strain distributions of the elastically anisotropic grains of Ta-LLZO. The magnitudes of stress
and strain distributions were greater for the realistic microstructure compared to the artificial
microstructure demonstrating the importance of considering the realistic microstructure when
modelling polycrystalline Ta-LLZO. In addition, it was shown that the differences in texture
between samples influence the stress and strain distribution from what would be expected from
a randomly textured sample. Sample 1 exhibits a much larger deviation in stress and strain
distributions compared to a randomly textured sample than Sample 2.
Comparing these microstructural characteristics, it can be stated that the neighbourhood
effect influences the grain-level state of stress and strain the greatest. The stress and strain
extrema are the result of neighbouring grain influence and are the most critical in terms of ma-

Chapter 4. Micromechanical Modelling of Ta-LLZO

92

terial degradation. Sample texture was observed to influence the magnitude of localized stress
and strain distribution but to a lesser extent compared to neighbourhood effects. This influence of grain morphology was noted as the weakest microstructural characteristic evaluated on
localized stress and strain state.
While the aforementioned microstructural characteristics are crucial when examining the
dense microstructure of Ta-LLZO, the introduction of porosity demonstrates strong influence
on grain averaged stress state in terms of both the sample averaged stress and the stress distribution.

Chapter 5
Conclusions and Future Work
While the ASSB serves as a promising avenue for safe, high capacity energy storage, the introduction of a solid-phased electrolyte material introduces new and different challenges compared to its liquid electrolyte counterpart. The focus of this research has been to evaluate the
microstructure and micromechanical response of the SSE, Ta-LLZO. Two samples were produced which differ by their initial particle size distribution. Sample 1 was made exclusively
of as-purchased Ta-LLZO powder while Sample 2 was made of 70% by weight ball-milled
powder and 30% as-purchased powder. After establishing a reproducible polishing protocol
for the characterization of these samples by EBSD, microstructural analysis was carried out.
Distinctions in misorientation distributions were observed between samples where Sample 1
exhibits a much higher frequency of low misorientation grain boundaries. The misorientation distribution of Sample 2 follows much closer to the predicted distribution of a randomly
textured sample. Sample 1 was also found to have stronger texturing compared to Sample 2.
These textural changes demonstrate a manufacturing process dependent change in microstructure which could be used for microstructural optimization in both reducing stress development
and increasing lithium-ion conduction.
The single crystal of Ta-LLZO exhibits anisotropic elasticity such that Eh111i > Eh110i >
Eh100i and

Eh111i
Eh100i

E

h110i
= 1.22, Eh100i
= 1.16 which is shown by parametric FEM study. Understand-

ing how this large anisotropy influences the stress and strain state of a material is integral to
mitigating localized stress development which can lead to premature material failure. To understand the elastic response at the grain boundary, two bicrystalline models are performed which
93
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are loaded either parallel or perpendicular to the grain boundary. For grain boundaries perpendicular to the loading axis, stress development strongly depends on grain orientation where
grain boundary stress of the grain of higher stiffness can reach approximately 7% higher than
that of the grain body. The stress concentration is related to the difference in stiffness between
grain. Parallel grain boundaries can develop significant stress on the stiff grain in dependent
with both the stiffness in the loading axis and in the axis normal to the grain boundary.
By investigating the bicrystalline models, the polycrystalline models of Sample 1 and Sample 2 can be better understood. Consistent with the single crystal, grains of the polycrystalline
models develop stress proportional to the stiffness in the loading axis however much like the
bicrystal, the influence of the neighbouring grains and their orientation is found to significantly
influence the stress state. A strong neighbourhood effect is observed in both samples which
influences a grain stress and strain state as much as its crystallographic orientation. Textural
differences between samples demonstrate an influence on the stress and strain distribution from
what would be expected from a randomly textured sample. Sample 1 exhibits a much larger
deviation in stress and strain distributions compared to a randomly textured sample than Sample 2. Texture modification toward compliant or random crystallographic orientations serves as
a good method of mitigating detrimental stress concentrations. This was demonstrated by the
reduced stress distribution of Sample 2, exhibiting a random texture, compared with Sample
1, which demonstrated strong texturing. In addition, results suggest lithium diffusivity may
be improved in Sample 2 compared with Sample 1 as a result of differences in texture and
therefore grain boundary types prevalent in the material. It is therefore suggested that research
focus should address texture optimization for Ta-LLZO which may simultaneously improve
both electrochemical performance and mechanical stability of the ASSB.
In addition, the results of this investigation demonstrate the importance of using experimentally derived microstructures when evaluating the micromechanical response of Ta-LLZO.
This has implications for the virtual microstructures such as the cuboid grain model explored
in this report or Voronoi constructions which have been used in the works of others [30, 67]. In
the case of virtual microstructures, where local influences of the neighbourhood and material
texturing cannot be adequately captured, descriptions of localized phenomena are ambiguous.
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Future Work

Most known SSE materials exhibit at least some degree of elastic anisotropy. In these materials, it is essential that the microstructure be engineered to avoid high stress localization
during battery operation. To design electrolytes which minimize stress localization, a comprehensive understanding of microstructural development must be formed. Many aspects which
are involved in SSE manufacturing should be examined from a microstructural perspective.
This includes the sintering method (ex. heating rate, heating time, temperature, pressure, atmosphere, etc.), the presence of or type of binding agent used in green body formation, and
particle size distributions. Two additional samples have been made and have had their surfaces prepared, however have not yet undergone EBSD characterization. The first sample is
composed of as-purchased Ta-LLZO powder with the green body made identically to Sample
1. A two stage process is then implemented for sintering. A recent report from Huang et al.
[68] indicates this two-stage sintering method is well suited for controlling pellet density, grain
size, and grain size homogeneity. Their results indicate final products with similar density and
conductivity as those made using hot pressing. It is therefore of interest to determine if their
method can be characterized and evaluated for the influence on texturing and grain size. This
two stage protocol uses rapid heating of the green body to 1280◦C for 20 minutes followed by
cooling to 1180◦C which is held for 300 minutes. As the standard heating rate for sintering is
5 ◦C min−1 , ‘rapid heating’ is interpreted to be four times this rate at 20 ◦C min−1 . This heating
rate is the maximum heating rate recommended for the oven equipment used. The second sample is sintered using a hot-pressing method. The hot-pressed sintering method presents itself as
a very promising method due to the high ionic conductivity and relative densities. This sample
was measured previously to have an ionic conductivity of 1.6 × 10−3 S/cm at 25◦C and a relative density of 99.6%. The sample was sintered in a carbon die at 1150◦C for 1 hour using an
uniaxial pressure of 20 MPa under an argon atmosphere.
While the models used in this thesis address the loading conditions which may be introduced to the electrolyte, several other sources of stress generation are present in the ASSB.
The interface between electrode and electrolyte materials remains poorly understood from a
mechanical perspective. These materials are typically cosintered to improve material con-

Chapter 5. Conclusions and Future Work

96

tact and reduce ionic resistance. Coherency stresses, which develop between two coexisting
phases with differing lattice parameters has been demonstrated at the interface of electrode and
electrolyte materials and is reconized as a dominant degradation mechanism. At the interface,
lattice changes occurring from lithium intercalation of the electrode material can generate large
coherency stresses. By expanding the FE model to a fully coupled chemo-electro-mechanical
framework applied to an experimentally derived microstructure, an understanding of interfacial failure may be developed. Such work may lead to design optimization to avoid misfit and
coherent phase-transformations to improve battery rate capability and life span.
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of the effect of grain clusters on fatigue crack initiation in polycrystals,” International
Journal of Fatigue, vol. 32, no. 11, pp. 1748 – 1763, 2010.
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Appendix A
The Sterographic Projection for Pole
Figures
Any given crystallographic direction can be ascribed a position on a unit reference sphere. The
point of intersection of the crystallographic direction vector on the reference sphere defines a
pole. If the reference sphere coincides with the global specimen coordinate system, the pole
position on the sphere is indicative of the crystallographic orientation of the crystal with respect
to the global coordinate. Figure A.1 depicts the intersection of the crystallographic directions
for a single crystal on the unit sphere and the corresponding stereographic projection of the
poles onto the equator plane.
The position of a pole on the unit sphere can be defined by angles α and β. The projection
of the pole onto the plane is defined by the radial distance from the central axis, R, and the
angle β as defined by
α
(R, β) = (cot( ), β)
2

(A.1)

In Cartesian coordinates, the projected pole position is found as

α
x = cot( ) cos β
2
α
y = cot( ) sin β
2
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(A.2)
(A.3)
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Figure A.1: Representation of the {100} poles of a single cubic crystal on the unit sphere (presented in black) and the corresponding stereographic projection on the equator plane
(indicated in grey).

The outlined procedure describes the stereographic projection of the individual poles. The
pole figure is most often represented in terms of the orientation density function (ODF). The
details by which an ODF is found by orientation data and the subsequent representation as a
pole figure can be found in the text of Engler and Randle [69].

Appendix B
Obtaining Orientation Data from the
Kikuchi Pattern
Kikuchi diffraction patterns are associated directly with the lattice planes in the crystal. Proper
interpretation of the Kikuchi patterns allows for the determination of crystallographic orientation of the sampled volume and is done in two steps. The first step requires the identification of
Kikuchi bands. This step is typically automated using pattern indexing software. The Hough
transform is most commonly used for band position detection. This procedure transforms
diffraction lines in the original image to bright spots in Hough space. To do this, the Hough
transform converts each coordinate (xi , yi ) from the original pattern to a sinusoidal curve in
Hough space defined by coordinates ρ and θ as

ρ =xi cos θ + yi sin θ

(B.1)

θ ∈(0, π)

(B.2)

ρ ∈(−R, R)

(B.3)

which converts each coordinate to a curve. All co-linear points in the original pattern map
to sinusoidal curves which intersect in Hough space. The intersection point specifies the radial
distance from the beam normal, ρ, and the angle, θ, between the original line normal and the
pattern x-axis. The Hough transform converts line detection in the original pattern to a point
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detection in Hough space which is each for the computer to locate. To account for diffraction
intensity, a Radon transform is used which follows the procedure of the Hough transform but
adds an additional intensity parameter to each pixel of the diffraction pattern. The second step
after indexing the pattern is identifying the bands with respect to an external reference frame
which identifies the crystallographic orientation of the sampled volume. This is most often
completed by comparing the bands with known interplanar angles for the material and fitting
the most consistent indexing solution. The orientation between the pattern and the reference
frame can then be calculated for the material volume. This process is repeated for each indexed
site as the electron beam is rastered across the sample surface. The culmination of all indexed
sites produces the EBSD map.

Appendix C
Verification of Elastic Properties
The elastic properties used throughout this report originate from the density functional theory
calculations reported by Yu el al. [53]. To verify these parameters, a model indentation study
is carried out and compared to the experimental micro-pillar indentation test performed by
Wang et al. [70] on single grains. Figure C.1A shows a micropillar used for experimental
indentation. Figure C.1B plots the experimental force-displacement of five pillars. The model
results of the force-displacement curve is provided in Figure C.1C and were loaded until σyield
and Fmax which were based on the experimental results. Good agreement is seen between the
model results and the experimental results of pillars A and B.
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Figure C.1: Indentation test used for elastic parameter verification. A) Pillar of LLZO and B) experimental force-displacement curves reported by Wang et al. [70]. C) Model indentation results of the force-displacement showing good agreement with the experimental
indentation tests. The model was indented until σyield which occurs at a displacement
of 400 nm and Fmax (50 mN).
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